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Abstract of thesis entitled: At-line Analysis of High Cell Density Escherichia Coli 
Fermentation Using Near-infrared Spectroscopy 0S[IRS). 
Submitted by LIU Haijing for the degree of M.Phil. at the Chinese University of 
Hong Kong in July 2010. 
Abstract 
In recent years, one of the major applications in high cell density E. coli 
fermentation is the upstream production of plasmid DNA. Currently plasmid DNA 
has many promising applications in human disease therapeutics. Nevertheless, there 
are still many scientific and regulatory challenges to be tackled. One particular 
challenge is to produce large quantity of plasmid DNA economically. Therefore, it is 
essential to optimize high cell density E. coli fermentation to achieve maximum 
plasmid DNA yield. 
However, knowledge is lacking about what is exactly happening in the fermentor 
during the bioprocesses, especially the effects of key analytes such as glycerol, 
ammonia, and acetate, which are either nutrients or byproducts of the E. coli cells. 
Near-infrared spectroscopy QSfIRS)，known for its non-destructive, little or no sample 
preparation and time saving characteristics, is applied in our research to provide the 
analytical information and hence help optimizing the process. 
Though NIR is widely used in fermentation analysis, it still has some 
shortcomings. Firstly, the calibration procedure required correlating weak and highly 
iii 
overlapped NIR spectra with reference analytical data. Secondly, significant number 
of real fermentation samples is required to ensure robust calibration. Typically, 
these requirements are only met when the fermentation is in routine production where 
both samples and reference analytical data are freely available. Furthermore, the 
possible calibration range derived from production fermentation is typically narrow as 
the bioprocess is tightly controlled. Therefore, the standard calibration methodology 
prohibited the use ofNIRS in research and optimization of fermentation. 
In this research, an adaptive calibration methodology is explored for the benefit 
of utilizing NIRS in fermentation research. The method is based on semi-synthetic 
calibration samples which are not limited by developed fermentation and hence 
broader calibration range can be achieved. Also adaptive calibration can eliminate 
the problem of correlation among different analytes due to the nature of bioprocess as 
well as NIR spectroscopy. 
The thesis will report the research of an adaptive calibration for NIRS analysis 
of glycerol (up to 20 g/1) and acetate (up to 20 g/1) in high cell density E. coli 
fermentation. This will include the preparation of calibration samples, use of 
multivariate calibration, at-line NIRS analysis of fermentation and demonstrate its 
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Chapter 1 Introduction 
1.1 Fermentation 
1.1.1 Biopharmaceutical Production 
Biopharmaceuticals are most commonly referred to “all therapeutic, prophylactic, 
and in vivo diagnostic products manufactured using live organisms or derived 
functional components". 1 It usually encompasses proteins and nucleic acids which 
can be synthesized via recombinant DNA technology or monoclonal techniques and 
1 2 
then produced by fermentation, cell culture, tissue culture etc. ， One of the most 
commonly used methods~~fermentation is a simplier and more effective way to 
produce these products. 
1.1.2 History of fermentation 
Fermentation is known as "the use of submerged liquid culture of selected 
strains of microorganisms, plant or animal cells, for the manufacture of some useful 
3 
product or products, or gain insights into the physiology of these cell types" . In 
biopharmaceutical industries, however, fermentation refers to cultivations of cells 
from single-celled organisms such as bacteria and yeast. 
Fermentation has a long history. Dated back to thousands of years ago, the 
technologies converting starchy grains into alcohol or fruit juice conversion are now 
1 
universally accepted as "fermentation" 3. These ancient techniques passed from 
generation to generation. Microorganisms engineered differently and specifically 
enable us to develop the modern fermentation for a variety of applications, such as 
5 6 • • • 7 
food , chemical , and pharmaceutical industries . 
1.1.3 Fermentation Technology 
1.1.3.1 Fermentation process 
Among the various applications, fermentation is especially useful in the 
production of plasmid DNA. A variety of bacteria, yeast, animal, and plant cells are 
used as hosts for biopharmaceutical production. E. coli is one of the most commonly 
used industrial bacteria amongst them because it is well-studied and cheap to cultivate. 
4 As is demonstrated in Fig. 1.1，target DNA was firstly cloned and then inserted into 
plasmid vector. The recombinant was then transformed into bacterial for the 
i 8 
subsequent replication. The whole cloning procedure follows the standard protocol. 
Almost all the industrial fermentation processes are scaled-up from laboratory 
fermentations which are used for research and development (Fig. 1.2). These 
laboratory-based fermentations, which range mainly from 1 liter to 20 liters, can 
satisfy the research for new engineered recombinant organisms to produce a new 
product. They can also be applied in optimization of the growth conditions for cells or 
2 
microorganisms such as pH and temperature, selection of the growth medium, scaling 
up/down, process development and production in some case, as it is not practical to 
3 9 1 
perform these experiments on production scale fermenter ‘ . For the large scale 
fermentation production, the bacteria should grow under optimum condition with the 
• 8 j 
fermentation medium formulated and the stock culture of best quality. The product 
from large scale production is then isolated and purified in the downstream 
processing.8 
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Fig. 1.1 A typical cloning process adapted from Genome Management Information 
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Fig. 1.2 A typical process of fermentation adapted from Stanbury et al. 
1.1.3.2 Fermenter 
The fermenter should be capable of the following as a minimum: aseptic 
production; meeting the local containment regulations; monitoring and controlling the 
following parameters such as pH by either acid/base addition or CO2/base addition, 
dissolved oxygen (DO) by aeration and stirring without damaging the organisms, 
temperature and sterile sampling capability. 3 Shake-flask is the original tool for 
laboratory fermentation. After the Second World War, along with the development of 
penicillin fermentation and the growing demand of the hospitals, researchers were 
able to continue their studies at an expanding level. And hence, at a certain density 
the shake-flask fermentation was introduced to glass vessels, followed by more recent 
4 
stainless steel fermenters in diverse sizes (range from one liter to 10 liters) and styles. 
3,4 
The most frequently used type of fermenter nowadays is the stirred-tank reactor 
(STR). Just as its name suggests, a STR is a simple tank ensuring the evenly 
distribution of air which was added by sparging or surface aeration and nutrition by 
stirring the inside mixture with a motor-driven impeller or agitator. Baffles and other 
elements are added to the impeller to diminish the cell damage problem presented 
either by stirring or aeration, Alternatively, airlift fermenters, packed bed reactors, 
and hollow-fiber reactors are also used in the fermentation processes ' 4 
1.1.3.3 Mode of fermentation process 
There are three types of fermentation processes, batch, fed-batch and continuous 
culture. 8 Although the bacteria can be better controlled in the continuous mode, its 
o • 
application is confined to biomass production. Li batch fermentation, no further 
medium is added during the process. Unlike batch fermentation, fed-batch 
fermentation is an open system where fresh medium can be fed on the consumption of 
the nutrients and sampling can be conducted at a certain time interval. Fed-batch 
fermentation begins with a batch phase with all the sufficient nutrients and substrate 
added to the fermenter. After inoculation and the depletion of the initial amount, 
5 
controlled feeding begins. The feeding strategies such as constant, linear, stepwise, or 
exponential feeding are either feedback controlled (e.g., DO-stat, pH stat) or 
pre-determined. Exponential feeding starts after the exhaustion of the substrate 
while the cell growth rate reaches its maximum. It is one of the simplest and most 
effective feeding strategies. 9 Fed-batch fermentation is the most often used mode of 
operation to reach the degree of high cell density. The feeding can be controlled at 
such a speed that the nutrient and substrate is nearly completely consumed by the E. 
coli cells so that the bacteria can yield the product at their maximum level.9 
1.1.3.4 Bacterial growth 
There are four phases (Fig. 1.3) of the cell growth in the fermentation: lag phase, 
log phase, stationary phase, and death phase. After the inoculation ofthe bacteria into 
the culture medium, the bacteria can hardly grow because of the adaption of the new 
environment. 8 This phase is lag phase. When the microorganisms acclimatise to the 
medium, they begin to grow exponentially, indicating their entry into the log phase. 
However, when the nutrient in the medium is exhausted and the by-products such as 
acetate accumulate to a higher level, the cells come to the stationary phase when the 
growth rate and dying rate is about equal. After a further period of time, the bacteria 
die more than multiply and the number of bacteria decline, which indicates the death 
6 
phase. 
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Fig. 1.3 Traditional bacterial growth curve in batch fermentation adapted from 
0 
Stanbury et al. 
1.1.4 High cell density fermentation for plasmid DNA production 
The recent approval of plasmid DNA vaccines for livestock and the expanding 
number of plasmid gene therapy candidates in clinical trials make the demand for 
pharmaceutical quality plasmid DNA increase. However, traditional methods of 
plasmid production are not able to meet either the quality or the quantities to fulfill 
the regulatory requirement and the market demand respectively. 9 Therefore, high cell 
density fermentation is adopted. Samples from research and development of porcine 
growth hormone releasing factor ^)GRF) and H5N1 plasmid DNA were used in this 
research. The high cell density fermentation was performed by GreenPak Biotech Ltd. 7 
1.1.4.1 Porcine growth hormone releasing factor (pGRF) 
Porcine growth hormone releasing factor ^)GRF) is a plasmid DNA vaccine 
which is designed for stimulating synthesis and secretion of growth hormone (GH) of 
porcine (Fig. 1.4). The release of GH can thus induce the growth of porcine and 
therefore cater the increasing need of the meat. The pGRF designed by the GreenPak 
Biotechnology Limited was constructed on a plasmid DNA (Fig. 1.5). The company 
has been focusing on improving the yielding of pGRF using high cell density 
cultivation. 
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Fig. 1.4 Mechanism ofpGRF plasmid on growth provided by GreenPak Biotech 
Ltd.'s.10 
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Fig. 1.5 Plasmid map ofliberPro provided by GreenPak Biotech Ltd.'s. 0 
1.1.4.2 H5N1 avian influenza viruses DNA vaccine 
H5N1 avian influenza viruses (AIV) are threatening domestic poultry and 
potentially affecting public health. 11 Larger quantities of effective DNA vaccines 
based on HA gene is needed to protect chickens from H5N1. To improve the 
protective efficacy of the H5N1 DNA vaccine, recombinant plasmid DNA 
pCAGGoptiHA was thereby designed. It is constructed by inserting a constructed 
codon-optimized HA gene (optiHA) into the pCAGGS vector. The plasmids were 
• 12 transformed and replicated in E�coli. 
1.1.4.3 Fed-batch high cell density fermentation 
The production yield of plasmid DNA is generally proportional to the E. coli cell 
9 
density as it accumulates in the cells. Thus, high cell density culture techniques have 
been developed to increase the volumetric yield and hence reduce the culture volume, 
thus reducing the workload in downstream processing, reducing instrumental 
• 13 
investment and production costs. 
Since pGRF and H5N1 plasmid DNA were expressed in E.coli, cell density is a 
critical parameter to optimize for production yield. Therefore high cell density 
cultivation is achieved by fed-batch fermentation for higher productivity in this study. 
The fed-batch fermentation was started with a batch phase. The feeding strategy 
allows the bacteria to grow at the specific growth rate.3 By controlling the addition of 
limiting substrate 13，the level of carbon source (glycerol) in the culture medium is 
always maintained at nearly complete consumption and the concentration of 
by-product (such as acetate) is also minimized. Moreover, ammonia is not only 
nitrogen source necessary for the bacterial growth, but also the substance for 
maintaining the constant pH value. Thus, high cell densities can be achieved. In this 
study, GreenPak Ltd. aims to improve the productivity by developing novel 
fermentation media and applying different feeding strategies 1 “ 5 in fed-batch 
fermentation to maximize biomass and specific yields of plasmid DNA. 16 Our 
research using NIRS is based on the fermentation producing these two kinds of 
plasmid DNA to provide more information facilitating the optimization processes. 
10 
1.1.5 Fermentation process monitoring 
The increasing need for large quantities of purified plasmid DNA parallels with 
• 17 • ^% 
the expanding use of plasmid DNA vaccine in various domains. To satisfy the need, 
large scale fermentations have been conducted in order not only to increase the yield 
but also to increase the quality and purity of the plasmid DNA. However, the yield, 
quality and purity could be affected by several factors like the choice of host 
organism and recombinant plasmid vector as well as the growth environment etc. 
Therefore, optimization in fermentation process is required. 
During the fermentation process, on-line process information such as PO2, pH, 
temperature, stirring speed and feeding speed is available to facilitate fermentation 
control. 17 However, these parameters are far from enough. To our knowledge, little is 
known about some key components (nutrients such as glycerol and ammonia or 
wastes such as acetate) and what exactly are happening in the fermenter. 
• 18 • 1 
Traditional analytical techniques include colorimetry, HPLC , wet chemical 
methods such as dry cell weight analysis or optical density (OD) measurements, 
capillary electrophoresis (CE) , and mid-infrared spectroscopy (MIR). However, the 
complicated sample preparation and long analysis time restrict the application of the 
• • • • 20 assays for fermentation optimization and control. 
However, when applying near-infrared spectrometry QSFIRS), a more recent 
11 
technique which draws the researchers' attention, the information is more quickly and 
precisely obtained with little sample preparation. The technology has been improved 
with the advent of modern computer science and statistical tools such as multivariate. 
^ 2 j ^ . 
Several constitutes can be measured simultaneously by using NIRS. Additionally, 
analysis can be performed by technically unskilled personnel at-line or automatically 
on-line. 22A11 these convenient usages justify the application ofNIRS in our analysis. 
1.2 Near-Infrared Spectroscopy pVIRS) 
NIR spectrum was first discovered in 1800 when Herschel was directing the 
sunlight through the glass prism. The rationale ofNIRS will be introduced in 1.2.1. 
During the Second World War, the first NIR detector led the research into NIR 
spectroscopy. It was first used in industrial chemistry analysis in 1950s. Ever since 
1960s, NIR began to be applied in food industry, especially after the first commercial 
NIR spectrometer was launched in 1971. The applications in food and beverages of 
NIR were extended in the late 1970s. By 1990, NIR was successfully developed for 
use for tobacco analysis. More recently, with the development of computer science 
and statistical tools, NIR has been embarked for analysis in the biopharmaceutical 
industries. 22,23 
Over the past decades, larger quantities and higher qualities of 
12 
biopharmaceuticals are of great demand especially after the initiative of the Process 
Analytical Technology (PAT). 24 A lot of efforts, such as chromatographic methods 25? 
spectroscopic methods 26 and biosensors , have been made in development for 
monitoring biopharmaceutical processes to meet this demand. 
Compared with the above technologies, NIR has the advantages oftime-saving, 
easy for manipulation, little sample preparation etc. It is therefore useful for 
bioprocess monitoring. Most of these studies were based on industrial fermentation 
and bioprocesses at-line or off-line. The application of NIRS in high cell density 
fermentation will be given in 1.2.3 and 1.2.4. 
Nevertheless, there are few publications about the application of NIRS in 
fermentation research and development. This area is particularly important for the 
optimization of the high cell density fermentation in order to increase its productivity. 
Therefore, in our study, we have demonstrated the application of NIRS in research 
and development and therefore gain more insight into the monitoring of the 
fermentation processes. 
1.2.1 Basic near-infrared spectroscopy 
1.2.1.1 Rationale of near-infrared spectroscopy 
The near-infrared spectrum covers the electromagnetic spectrum region of 700nm 
13 
to 2500nm from the end of visible spectral region to the beginning of the infrared 
spectral region (Fig. 1.6). 28 Near-infrared spectroscopy a spectroscopic method which 
measures the near-infrared light that is absorbed by a substance utilizing the near 
infrared spectrum region. Because NIRS has weak absorption，it is widely applied in 
direct analysis of such samples as fermentation broths that are highly light-scattering 
and absorbing.28 
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Fig. 1.6 The electromagnetic spectrum adapted from Arnold SA., PhD thesis, 2002 
NIR spectroscopy is based on the absorption of infrared light by the substance 
measured. This absorption excites molecular vibrations and rotations, which have 
frequencies that are the same as those within the infrared range of the electromagnetic 
spectrum. Hence the absorptions of near-infrared light vary according to different 
substances. These variations are mainly due to the hydrogen bonds, making NIRS 
14 
• • 22 especially useful for the analysis of samples including hydrogen bonds. 
To explain the properties of vibration molecules, the harmonic (Fig. 1.7 dot 
curve) and anharmonic oscillators (Fig. 1.7 red curve) are used as mechanical model 
for them. Consider the chemical bonds to be a weak spring linking two atoms together. 
The spring will vibrate naturally and more vigorously after the addition and 
22 29 • 
absorption of light resulting in its move to another energy level. ， Since NIR 
absorptions are at higher energy levels than the fundamental mid IR absorptions, 
more energy is required for the transition. Therefore, less NIR energy can be absorbed 
by a substance. 30The weak absorptions ofNIR enable accurate and direct analysis of 
• 28 
fermentation samples which are basically high light scattering and absorbing. 
Both chemical bonds' strength and the weight of the atom causes the differences 
in the amount ofenergy, which exhibit in a NIR spectrum as a series of absorptions at 
different wavelengths/wave-numbers, required for the bond vibration to move from 
one energy level to another. 29 However, harmonic oscillator molecules with the same 
frequency vibrations do not exhibit these kinds of vibrational spectrum bands which 
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Fig. 1.7 The curve describing the relationship between the bond length and energy 
adapted from the lecture by Ian Murray. 
1.2.1.2 NIR spectra acquisition 
A substance can absorb, transmit, reflect and scatter near-infrared light when it is 
exposed to the light. Thus there are two main modes of spectra acquisition in NIR 
spectroscopy, transmission and reflectance31, and the NIR spectrometer can detect the 
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Fig. 1.8 Basic spectrometer working flow adapted from Reich et al. 
It is common to use transmission spectroscopy in low cell density processes 
while reflectance spectroscopy is used in processes with high cell density. The light is 
highly dispersed by the particles in the samples with high concentration and resulting 
in the extension of the path length of the light and hence results in baseline shift and 
causes the inaccuracy of the spectrum. 31 The algorithms of measurements are as 
following: 
Transmission :A - log(lA) 
Reflectance: A = log( l^ ) 
where 
# 22 A = absorbance; T = Transmission ； R=Reflectance. 
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1.2.1.3 Interpretation of NIR spectra 
NIR spectra exhibit highly overlapping property, making it especially difficult to 
interpret (Fig. 1.9), as absorptions of near infrared light are generated from overtones 
and combinations 29. Overtones can be considered as harmonic, while combinations 
arise from two or more functional groups sharing NIR energy, resulting in a few 
broad peaks instead ofmany peaks. Fig. 1.10 shows the NIR spectrum ofwater. Only 
two obvious broad peaks caused by a number of narrow and overlapping absorption 
peaks can be seen through the spectrum. In short, NIR spectra are much more 
complicated than their appearance. 
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Fig. 1.9 Major bands and peaks in NIR spectra adapted from Arnold et al 
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Fig. 1.10 NIR spectra of water 
1st and 2nd derivative are, therefore, used to reveal different peaks hidden in the 
NIR spectra and reduce the baseline shift caused by the high cell density fermentation 
samples. 20，30 The derivative dAJdk or d2A/dk2, measures the rate of change of A at 
any wavelength. After such kind of calculations, the overlapping peaks can be 
differentiated as a result (Fig. 1.11). For example, there're two hidden peaks 
displayed in dash lines in the raw NIR spectra (Fig. 1.11 left) at X\ and X2. The two 
peaks are unraveled in the 2nd derivative spectra which are denoted in dash lines (Fig. 
1.10right) 
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Fig. 1.11 The unraveling of two hidden peaks in the raw NIR spectrum (left) by 
performing 2nd derivative. The result spectrum is shown after the arrow on the right. 
Note that the peak in the raw spectrum becomes the trough in the 2n derivative 
spectrum. This figure is adapted from Cervera et al.3 
However, the main drawback of these two methods is that they can worsen the 
i 22 st 
signal to noise ratio of the spectra by magnifying the noise simultaneously. 1 
derivative is often used in the study of physical properties while 2nd derivative in 
chemical properties. The possible reason might be the consideration of balancing the 
interpretation and the signal to noisy ratio ( S ^ ) of the raw spectra. To analyze the 
chemical compositions in the fermentation broth 2n derivative was used in our study. 
1.2.2 Multivariate calibration 
For quantitative analysis, mathematical models are constructed on the calibration 
sample sets to correlate the spectra property X) to the concentrations of the analytes 
20 
property Y) of interest obtained by traditional analytical methods. The aim of 
• • 35 
multivariate calibration is to build a determined equation : 
Y=b*X 
Whereas X stands for the spectra matrix and Y for the concentration matrix (Fig. 
1.12). In the spectra matrix X, more wavelengths (Wi-WN) in different spectra (l-M) 
are used. While in the concentration matrix, concentrations of different analytes 
(Ci-CL) in each spectrum (l-M) are applied to form the Y. By calculating the X and Y 
matrix, the correlation function b can therefore be determined. The prediction of Y 
35 36 37 
values can be done after b is determined using the spectral data X . , , 
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Fig. 1.12 The components in X and Y matrix for multivariate calibration; the whole 
wavelength (Wi-WN) in different spectra (l-M) are used to form X matrix while the 
concentrations of different analytes (Ci-CL) in different spectra (l-M) are used to 
develop the two dimensional Matrix Y. This figure is adapted from OPUS software. 
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1.2.2.1 Why multivariate calibration 
As mentioned previously, 2nd derivative is usually used for unraveling the hidden 
and overlapping peaks in the raw NIR spectra because of the dominating water 
absorption. 34 Nevertheless, this is far from enough. To obtain quantitative 
information about the analytes which are contributing prominently to certain peaks, 
calibration models are needed for quantitative analysis of these analytes. There are 
• • • • 37 
generally two ways for building the calibration models, univariate and multivariate. 
Univariate analysis makes use of a specified peak while multivariate makes use ofthe 
whole spectra range including various peaks either exhibited or hidden in the raw 
spectra. 37 Fig�1.13 shows a simple univariate calibration, which correlates the 
spectral absorbance with the pre-determined concentration of the analyte which 
absorb at this specific wavelength. 
Calibration Analysis 
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Fig. 1.13 Correlation of spectra at a certain wavelength with the concentration in 
univariate calibration. This figure is adapted from OPUS software. 
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In order to get a satisfying calibration, i.e. linear correlation with high correlation 
coefficient (Fig. 1.14), a set of calibration samples is needed for the provision of both 
the spectra and the concentration information. Yet, since the instrumental 
measurement is not selective for the analyte because of the overwhelmingly high 
absorption of water, the instrument response is non-linear as shown in Fig. 1.15. 
Moreover, because different functional groups or molecules may absorb NIR light at 
the same wavelength, the characteristic peaks are often overlapping with each other. 
22，33 Thus, the concentration of the analyte can't correlate well with its absorbance at 
the same wavelength which is the case in Fig. 1.15. 
On the other hand, multivariate analysis can eliminate the aforementioned 
problem by taking into account the spectral bands rather than single peaks (Fig. 1.16). 
The selectivity can hence be enhanced by using multivariate statistic such as Partial 
Least Squares (PLS). PLS regression can take the whole spectra into consideration 
37 
during the model development and therefore a better model can be constructed. 
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Fig. 1.15 The calibration arrangement which lacks selectivity when applying 
36 
univariate calibration adapted from Martens TN et al. 
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Fig. 1.16 The calibration arrangement which applies multivariate analysis adapted 
from Martens TN et al.36 
1.2.2.2 The problem of collinearity 
Collinearity exists when there is a linear relationship between two variables. 
Different variables will probably overlap with each other in this case. The 
"collinearity problem" often exists in multiple regression analysis, where the least 
regression coefficients for different variables are hard to interpret independently with 
accuracy and stability.38 
In our study, glycerol serves as the main carbon source with a decreasing trend 
before feeding starts, while acetate as a by-product which is more likely to increase 
throughout the fermentation process. 20 This can also be confirmed by the metabolic 
Q Q 
process inside the E. coli bacteria. The formation of acetate is mostly due to the 
incomplete consumption of glycerol. 2，40 As a result, collinearity exists between 
25 
these to analytes since they correlate with each other. 
Multivariate analysis such as PLS is often used in the fermentation processes to 
solve the strong collinearity within the samples. Nevertheless, this is not enough, to 
broaden the calibration ranges, adaptive calibration is used to build the calibration 
model. The correlation will hence be eliminated. 
1.2.2.3 Spectral range selection 
Because PLS makes use of the full spectrum, it can make the calibration model 
worse by adding disturbance components into it. Moreover, the noisy spectral region 
can also result in a worse model. Therefore, spectral regions with least noise and best 
• 37 
correlation with the analytes of interest should be selected for model establishment. 
It is common practice to study the spectra of aqueous solutions suspensions of the 
constituents of interest of the fermentation broth in order to identify analyte 
absorption bands. 41 In this study, we also used aqueous solutions for acetate and 
glycerol and observe their spectra to confine the region of the most obvious and 
specific spectral responses regarding the analytes. 
1.2.2.4 Signal optimization 
Physical parameters such as the number of scans and selection of the resolution 
26 
in the NIR systems will affect the reproducibility or the signal to noise ratio (SfN) and 
hence are critical in the signal optimization.34 Arnold et al. 42 studied the effect of 
changing the number of scans. Generally speaking, the more number of scans, the 
better the signal will be. However, proper number of scans should be selected for the 
consideration of time course. As for the resolution, generally a very high resolution is 
unnecessary.34 Furthermore, different optical path-length (i.e. lmm, 2mm and 5mm) 
can also affect the quality of the transmittance spectra. Literally the wider the 
path-length is, the more signal can be acquired.3 
1.2.2.5 Spectral pretreatment 
Second derivative is often used in spectral pretreatment to unravel the hidden 
information in combination with PLS (Partial Least Square) regression. 34 Despite 
second derivative, other pretreatment methods such as constant off-set elimination, 
vector normalization (SNY) 43, multiplicative scattering correlation (MSC) and any 
combination ofthese methods are also useful to extract the information hidden in the 
overlapped spectra. SNV is an approach which can remove the multiplicative 
interferences of scatter as well as particle size. 43 MSC is supposed to discern the 
chemical and physical scattering and remove the light distance change. 44 
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1.2.2.6 Parameter selection 
• • 2 
There are three main parameters that are taken into consideration, R，RMSECV 
• i 2 
and number of factors (also named Number of Latent Variables or Ranks). R 
represents the regression coefficient of the calibration model. The higher it is, the 
better the model is. Root Mean Square Error of Cross Validation or RMSECV in short, 
stands for the error of prediction for internal validation. The lower the RMSECV is, 
the more stable the model will be. Number of factors actually depends on the 
previous two parameters. Basically, the lower factors mostly characterize the 
important changes in spectral structures, whereas the higher factors mainly represent 
the disturbing part of the spectral noise. Nevertheless, the selection ofi t is a bit tricky 
since models with too low factors will result in under-fitting while with too many 
factors over-fitting. So its selection will be considered differently case by case with 
the help ofR 2 and RMSECV.37 
Fig. 1.17 shows the flow chart of a traditional (or standard) calibration using 
multivariate analysis. The NIR spectra of the calibration samples were acquired 
followed with a pre-treatment procedure, i.e. 1st or 2nd derivative (which is used in our 
research) other methods such as MSC and SNV were also tried. To build a good 
performing model, the wavelength which contains the most relevant information with 
the analyte should be selected for model construction. 
28 
Cross validation which is equivalent to internal validation was then performed by 
leaving one sample out for prediction while others for calibration. A calibration model 
can hence be built through this method with a correlation between the predicted 
values and the true values of the calibration samples. After the calculation of leave 
one out cross validation, the latent variables can be selected using the optimization 
method as in Fig. 1.18. To avoid either over-fitting (too many factors, i.e. Number of 
Latent Variables, were selected) or under-fitting (too few factors, i.e. Number of 
Latent Variables, were selected), the factors which result in the lowest RMSECV will 
be selected. 16 The selection criteria for the pre-treatment method, calibration 
37 
wavelength and factors are to achieve lowest RMSECV. 
External validation is performed after cross validation. The Root Mean Standard 
Error ofPredictions (RMSEP) is used to measure the root mean standard deviation of 
the differences between NIR and reference analytical data. Errors within 10% of 
• 2 1 prediction are considered satisfactory. 
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CALIBRATION AND CROSS-VALIDATION VALIDATION 
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Fig. 1.18 Optimization ofLatent Variables by minimizing the RMSECV adapted from 
Cervera et al.34 
To sum up, in combination with 1st and 2nd derivative, multivariate statistical 
techniques such as PLS provide a way to correlate the fundamental spectral 
characteristics with the concentration of the analyte and thus build a satisfying 
calibration model with high correlation coefficient.31 Therefore, multivariate analysis 
is used in our study. 
30 
Just as Fig. 1.19 suggests, the NIR spectra coupled with the basic data (e.g. 
concentration) obtained from the traditional chemical methods can be used to build a 
calibration model using Multivariate Analysis. After the validation and evaluation of 
the model, it can be used to extract the results from NIR spectra of unknown samples. 
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Fig. 1.19 Work Flow ofNear Infrared Spectroscopy 
1.2.3 Applications of NIRS in high cell density E. coli fermentation 
As NIR is secondary in nature, it is restricted by the acquisition of the basic data 
using relatively time-consuming traditional analytical methods such as 
chromatography, wet chemical methods to measure the optical density (OD) and cell 
dry weight (CDW), enzymetic mediated UV absorptions and ion-selective electrodes, 
on -
which also need excessive sample preparation. Despite this disadvantage, the 
advantages of NIRS which are nondestructive, rapid, precise, little or no sample 
preparation, easily operated instrumentation and simultaneous measurement of 31 
several analytes 28，far outweigh its drawback, and hence enable its wide applications 
in food and agricultural industries41, bioprocesses31, chemical industries 45, and 
pharmaceutical industries 46. 
• 20 28 
Nowadays, NIRS has been applied in high cell density E. coli fermentation，‘ 
42, 4749 ^j^oid et al 42 conducted the at-line and in situ analysis of biomass in 
industrial E. coli fermentation. Online analysis of glucose, acetate, phosphate, 
tryptophan and biomass in a small-scale fermenter was carried out by Cimander et al 
47. Hall et al 20 did some research on the off-line analysis of glycerol, acetate, 
ammonia and biomass in an industrial fermentation. Off-line E. coli fermentation was 
• 48 
also studied in combination with other bacteria strains in Vaidyanathan et al . 
Macaloney et al 28 ,49 conducted two at-line researches on the industrial high cell 
density E. coli fermentation. However, most of these previous studies were about the 
industrial fermentation. High cell density fermentation on the research and 
development (R & D) scales have not yet been studied much. However, R & D is 
very important for the fermentation optimization and the fermentation scale-up. 
Therefore, it is worth studying for developing NIR to support R & D fermentation in 
order to facilitate a higher productivity and quality for the future industrial 
production. 
However, the following factors restrict the standard calibration strategy from 
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application universally, especially in the research and development field. Firstly, the 
calibration procedure requires correlating weak and highly overlapped NIR spectra 
with reference analytical data. Secondly, a significant number of real fermentation 
samples are required to ensure robust calibration. Typically, these requirements are 
only met when the fermentation is in routine production and both fermentation 
samples and reference analytical data are freely available. Furthermore, the possible 
calibration range derived from production fermentation is typically narrow as the 
bioprocess is tightly controlled. Therefore, the standard calibration methodology 
prohibited the use ofNIRS in research and optimization of fermentation. 
1.2.4 Adaptive calibration strategy 
Our main purpose of this research is to expand the application ofNIRS into the R 
& D field from the conventional industry environment. Nevertheless, because the lack 
of samples and the limitation of the calibration ranges, conventional calibration 
strategy is not applicable in this case. Therefore, an adaptive calibration methodology 
50 is explored for the benefit of utilizing NIR spectroscopy in plasmid DNA 
fermentation research for process optimization. The method is based on 
semi-synthetic calibration samples which are not limited by developed fermentation 
and hence broader calibration range can be achieved. Additionally, the model built 
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based on pGRF fermentation can be used in H5N1 fermentation of different scales 
without remodeling. This could prevent the complicated calibration procedure and 
thereby benefit the biopharmaceutical industry to a large degree. 
1.3 Aims of study 
We aim at achieving the following objectives in this project: 
(1) to find a satisfying way for spectral acquisition, 
(2) to build a robust calibration model including: glycerol (0-20 g/L+/- 0.1g/L), 
acetate(0-20 g/L+/- 0.1g/L), 
(3) to provide more information for the control of the bioprocess and help 
optimizing the plasmid DNA fermentation, and 
(4) to demonstrate measurement ability for different plasmid DNA in E. coli 
expression system. 
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Chapter 2 Materials and methods 
2.1 High cell density fermentation of plasmid DNA 
2.1.1 Fermentation system 
Fermenters with five different sizes were used in this research. All of them were 
purchased from and installed by Sarforius Stedim Biotech. Two of them are laboratory 
-scale fermenters with 2 L (Fig. 2.1) and 5 L (Fig. 2.2) working volume of culture 
vessel (B. Braun Biostat B). A scale-up fermenter with 80 L working volume (B. 
Braun Biostat D100) was used for the cultivation of E.coli cells (Fig. 2.3). One 
fermenter with 350 L working volume (B. Braun Biostat D500) was used for the large 
scale production of H5N1 plasmid DNA pGAHA/pGOHA (Fig. 2.4). There's also a 
fermenter with 50 L working volume (B. Braun Biostat Cplus 30) which is located in 
the Good Manufacturing Practice (GMP) production room for the GMP production of 
pGAHA>/pGOHA (Fig. 2.5). 
Each fermenter has its own control unit to monitor different parameters such as 
pH, dissolved oxygen, feeding speed and temperature. These parameters were 
detected by the immersed probes to achieve real-time monitoring. Since the 
fermenters were connected to computer system with a computer programme uJCS 
installed, the real time data were recorded immediately by the computer system. The 
feeding regime has been pre-determined using pre-set specific growth rate for 
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exponential feeding. Sampling was performed at a certain time interval, usually per 1.5 
hours. 
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Fig. 2.1 Biostat® B.Braun 2 L working volume fermenter was used for the cultivation 
of E. coli cells. 
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Fig. 2.2 Biostat® B.Braun 5 L working volume fermenter was used for the seed 
cultivation. 
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Fig. 2.3 Biostat® B.Braun 80 L working volume fermenter was used for the seed 
cultivation. 
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Fig. 2.4 Biostat® B.Braun 350 L working volume fermenter was used for large scale 
production ofpGAHA/pGOHA. 
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Fig. 2.5 Biostat® B.Braun 30 L working volume fermenter was used for clinical trial 
production ofH5Nl plasmid DNA. 
2.1.2 pGRF fermentation 
2.1.2.1 Prepare seed flask 
E.coli DH5a pGRF and E.coli DH5a pCAOHA-H5Nl frozen culture (1 ml) was 
used for inoculation. They were prepared in 50 ml LB & 1 L LB with 150 ^ig/ml 
Ampicillin. 
2.1.2.2 Reagents for bacterial culture by fermenter 
2.1.2.2.1 LB based complex fermentation medium 
It was prepared by dissolving 50 g LB broth (which contained 20 g sodium 
chloride, 20 g tryptone and 10 g yeast extract. Sigma-Aldrich, USA), 5.8 g sodium 
38 
phosphate dibasic ^a2HPO4, Sigma-AIdrich), 6.0 g potassium phosphate monobasic 
(KH2PO4, Sigma-Aldrich), 3.0 g ammonium sulphate (^H4)2SO4) and 0.1 ml 
antifoam A (Sigma-Aldrich) in final volume of 1.9 L ddH2O. It was sterilized by in 
situ autoclaving for 20 minutes at 121 °C in the fermenter. 
2.1.2.2.2 Batch fermentation medium 
1 L batch fermentation medium with different concentrations of glycerol (9，13, 
15 and 20 g/L) was prepared for research purpose. The recipe is as following. 
Phosphate concentrated solution: It was prepared by dissolving 4 g 
ammonium phosphate (0^H4)2HPO4), 13.3 g potassium phosphate monobasic 
(KH2PO4), 2 g sodium chloride ^aCl ) by ddH20 to a volume of l00 ml. 
Yeast extract: 4 g yeast extract was dissolved in 100 ml ddH2O. 
Trace element: 10 ml 100x trace element was supplemented into defined 
medium to provide essential trace element for growth. It contained 170 g/L citric acid, 
840 mg/L Titriplex III (EDTA)，250 mg/L CoCl2.2H20, 150 mg/L CuCl2.2H20, 4.87 
g/L CaClf2H20, 300 mg/L H3B03, 1.5 g/L MnClf4H20, 250 mg/L Na2Mo04.2H20, 
1.3 g/L Zn(CH3C00)2.2H20 and 10 g/L Fe(ni) citrate hydrate. 
Glycerol solution: A defined concentration of glycerol (9 g/L, 13 g/L, 15 g/L or 
20 g/L) was used for research and development. The glycerol was dissolved in 500 ml 
ddH2O. 
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Magnesium solution: 1.2 ml 500 g/L magnesium sulfate heptahydrate 
(MgS04'7H20) was diluted with ddH20 to a final volume of 50 ml. They were 
sterilized separately for 20 min at 121°G. 
First 4 g yeast extract and glycerol of a defined concentration were mixed 
together. 100 ml 10 times phosphate concentrated solution and 10 ml 10 times 
concentrated trace element solution and 1-2 drops of antifoam 289 were added into 
the above mixture. The solution was mixed completely and then loaded into the 
fermenter before autoclave. It was then sterilized by in situ autoclaving for 20 
minutes at 121°C in the fermenter. 
After sterilization, 50 ml 500 g/L MgS04 '7H20 solution was added separately to 
the medium to bring out a final concentration of0.6 g/L. 
3 ml ampicillin and 1 ml 1000x thiamin-HCl (4.5 mg/L) from frozen stock were 
sterilized by filtration in a 0.22 i^m filter. They were added into the fermenter to a 
fmal concentration of 150 p,g/L for ampicillin and 4.5 mg/L for thiamin-HCl. The 
concentrations of all the substances are described in Table 2.1. 
The medium ingredients vary subtle from batch to batch since these are research 
and development fermentations. 
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Table 2.1List of the concentrations of the substrates in batch medium (The elements 
with asterisks mean that they are added after sterilization). 
Substrates Concentration 
KH2PO4 13.3 g/L 
(NH4)2HPQ4 4 g ^ 
NaCl 2g/L 
Glycerol 20g/L 
Yeast Extract 2 g/L 
Trace element mixture 1QX 10 ml/L 
MgSQ4.7H2Q 0.6 gy^L 
*Ampicillin 150 p,g/L 
*Thiamin-HCl 4.5 mg/L 
2.1.2.2.3 Feeding medium-1 
4 g yeast extract was completely dissolved in ddH2O to a final volume of 46.17 
ml. The solution was mixed with 32 ml 500 g/L MgSO4, 5.96 ml 100x trace element 
and 39.8 g glycerol to a final volume of 400 ml. It was sterilized by autoclaving for 
20 minutes at 121°C. 
2.1.2.2.4 Base Feed 
14 % ammonia solution was used as base feed after it was sterilized by filtration 
in a 0.22 p,m filter. 
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2.1.2.3 Fermentation methods 
2.1.2.3.1 Fermenter set-up 
The fed-batch fermentation was carried out in a 2 L bench-top laboratory 
fermenter (Biostat" B.Braun). The set-up procedure is as follows: 
1. The fermenter and the movable parts (e.g. stirrer) were cleaned up thoroughly 
with ddH20. 
2. The pH probe was calibrated by pH standard between 4 and 7 and DO probe 
was filled with electrolyte solution. The dissolved oxygen (DO) probe was 
also prepared. 
3. Batch fermentation medium (except solutions sterilized with filtration) was 
loaded into the fermenter. 
4. The fermenter was covered with the head plate and then tightened with the 
attached screw. 
5. PH and DO probes were inserted into appropriate parts. All the tubes and 
reagents (e.g. base, feeding, antifoam etc.) were connected appropriately. 
6. The pump for feeding solution was calibrated and the tube was marked. 
7. The medium and fermenter were sterilized in situ at 121 °C for 20 minutes. 
8. After sterilization, calibrate the DO probe at 0% O2. 
9. Cool down the medium to final temperature of 30 °C. 
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10. Stabilize the fermenter. DO was calibrated at 100 % under the following 
conditions: temperature at 30 °C; stirrer speed at 1200 rpm; pH at 6.8, air flow 
maximum. 
11. Base and feeding medium solutions were clamped to corresponding pump. 
12. 3 ml of filtered (0.22 ^m) ampincillin solution and 1 ml thiamin-HCl were 
added to the 50 ml 500 g/L MgS04 solution and transferred aseptically to the 
fermentation medium. 
13. Samples were collected at key points by regular intervals during all 
fermentation processes. The key points including time zero, before and after 
inoculation, before and after heat induction and regular intervals in between. 
2.1.2.3.2 Inoculate seed culture into the fermentor 
1. Ascetically transfer seed culture into an inoculation bottle. 
2. Transfer the seed culture into the fermenter aseptically. 
3. Set up the following parameters (Table 2.2). 
4. Fermentation was started and the culture time, fermentation parameters were 
recorded. A medium sample was collected at 0 hour. 
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Table 2.2 Fermentation parameters for set-up 
1. Temperature 30 °C 
2. ^ H 6.8 
3. Agitation Cascaded 
4. Aeration 5 L/min (5wm) 
5. DO >20% (Cascaded by agitation) 
2.1.2.3.3 Transfer the feeding medium 
There are three indicators to start feeding: drastic increase of DO, decrease of 
stirring speed and slight increase in pH. The feeding medium-1 was started 
transferring whenever these three factors happened together as the cells may consume 
up the glycerol. 
The pre-set specific growth rate (…was set at 0.12hr"1. The medium was fed 
according to the pre-set specific growth rate in order to obtain higher OD6oonm value 
and higher plasmid yield. 
2.1.2.3.4 Heat induction 
Heat induction was conducted when OD 6 00nm reached 50. The temperature was 
shifted from 30 °C to 37 °C for 4 hours and then to 40 °C for 4 hrs. 
2.1.2.3.5 Fermentation harvest 
After heat induction for 8 hrs, the fermentation was stopped and the culture end 
time and fermentation parameters were recorded. Glycerol supplement feed and base 
feed used were calculated. Cells were harvested by centrifugation at 1500 rcf for 20 
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minutes at 4°C. 
2.1.2.4 Scale-up fermentation and large scale production 
The scale up fermentations with 80 L working volume as well as the large scale 
fermentation with 350 L working volume and GMP production fermenter used similar 
medium and methodology in the cultivation of E. coli cells. The similar conditions 
also applied in the 3 L seed culture using 5 L fermenter. 
2.L3 H5N1 fermentation 
Similar fermentation materials as described above were used in the production of 
H5N1 plasmid DNA. 
2.1.4 Reference analytical testing 
2.1.4.1 Optical density 
Samples were taken from different time points and were measured by OD6oonm to 
determine the cell growth of the culture. The DU® Series 700 UVMs scanning 
spectrophotometer (Beckman Coulter, America) was blanked with PBS buffer at 
OD600nm-
2.1.4.2 Cell dry weight 
1 ml of each sample was centrifaged at 9300 rcf by Eppendorf centrifuge 5415 
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D(Eppendorf AG, Hamburg, Germany) for 1 minute. Supernatant was discarded and 
then washed two times by PBS buffer. The cells were dried overnight and then taken 
for weight measurement. 
2.1.4.3 Specific plasmid DNA yield 
2.1.4.3.1 Plasmid DNA isolation 
Wizard® Plus Minipreps DNA Purification System (Promega) was used 
according to the Manufacturer's protocol for plasmid DNA isolation. 
2.1.4.3.2 Plasmid DNA measurement 
The DU® Series 700 UV7Vis scanning spectrophotometer (Beckman Coulter, 
America) for OD A260/A280 measurement was used to determine the yield of plasmid 
DNA. 
2.1.4.3.3 Plasmid DNA identification 
Plasmid DNA was identified by agarose gel electrophoresis. 
2.1.4.4 Analysis of glycerol and acetate 
2.1.4.4.1 Standard samples 
Aqueous standard samples were prepared by diluting glycerol (99.9%) and 
acetate (99.9%) into different concentrations. We could thereby use the samples with 
known concentrations of glycerol and acetate for the verification of the accuracy of 
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the relative test kits. 
2.1.4.4.2 Enzymatic Test kits 
Enzymatic colorimetric analysis test kits Boehringer Mannheim (Indianapolis, 
JN) 148270 and 148261 were used to test the concentrations of glycerol and acetate 
respectively. The concentrations of glycerol and acetate in the supernatant were 
analyzed according to the manufacturer's protocols. Analysis was conducted on a 
sample containing no more than 0.4 g/L glycerol and 0.15 g/L acetate which thereby 
needs appropriate dilution with ddH2O. 1 
2.1.4.4.3 Automatic biochemistry analyzer 
The samples were centrifuged at 9300 rcf for 1 minute and the supernatant was 
used to test the concentration of acetic acid and glycerol by an enzymetic 
biochemistry analyzer (Bioprofile 300B analyzer, Nova Biomedical) according to the 
manufacturer's instructions. The samples were diluted with dilution buffer which 
contained 6 g HEPEs acid, 0.64 g LiCl and 0.46 g LiOH per liter whenever the 
concentration of acetate and/or glycerol exceeds the measurement ranges (Table 2.3). 
Table 2.3 Measurement ranges of automatic biochemistry analyzer and enzymatic 
test kits 
^ ^ ^ ^ ^ Fermentation Biochemistry Analyzer Enzymetic Test Kits 
A n a l y t e ^ ^ (g/L) (gO^ ( g ^ 
Glycerol 0-20 0 ^ 0.04-0.4 
Acetic acid 0-4 0.12-12 0.06-0.3 
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2.1.5 Summary of all fermentation batches 
Fourteen batches of fermentation were described in this thesis. The pGRF batch 
was used for the model construction and validation, while all other batches producing 
H5N1 plasmid DNA were for validation. The conduction time was also listed in Table 
2.4. 
Table 2.4 Description of fermentation batches 
^^^^Categories Product Fermentation Carry-out time 
Batch N o T ^ ^ ^ Medium 
Batch 1 pGRF I 05/19/2009 
Batch2 pGRF I 09/29/2008 
Batch 3 H5N1 III 01/26/2010 
Batch4 H5N1 III 10/23/2009 
Batch 5 H5N1 IH 01/19/2010 
Batch 6 H5N1 III 02/02/2010 
Batch 7 H5N1 III 02/02/2010 
Batch 8 H5N1 m 12/08/2009 
Batch 9 H5N1 III 06/09/2009 
Batch 10 一 H5N1 III 06/09/2009 
Batch 11 H5N1 III 09/08/2009 
Batch 12 H5N1 III 09/08/2009 
Batch 13 H5N1 (30L) m 10/192009 
Batch 14 H5N1 (8QL) III 03/15/2010 
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2.2 Full factorial design and adaptive calibration samples 
2.2.1 Adaptive calibration samples 
2.2.1.1 Matrix 1 calibration samples 
The frnal product ofthe 090519pGRF batch was collected in two 50 ml tubes and 
then centrifuge after balancing speed and time. The concentrations of glycerol and 
acetate in the supernatant were analyzed by using enzymatic colorimetic analysis with 
Boehringer Mannheim (Indianapolis，JN) kits 148270 and 148261 respectively 
according to the manufacturer's protocols. Analysis was conducted on a sample 
containing no more than 0.4 g/L glycerol or 0.15 g/L acetate which therefore needs 
appropriate dilution. 20 The supernatant was then used instead of water for the 
dissolving of glycerol (99.9%) and acetate (99.9%). The semi-synthetic calibration 
samples were prepared by adding different concentrations of glycerol and acetate to 
the supernatant according to the full factorial design (Table 2.5). The calibration 
range is 0-20 g/L for both glycerol and acetate as this was the widest range considered 
in fermentation research. Thus, the concentrations of glycerol and acetate were 
designed to distribute evenly across this concentration range which can be seen in 
Table 2.5. The concentrations of glycerol and acetate for each synthetic sample were 
recorded by adding the background concentrations. The final glycerol and acetate 
concentrations are listed in table 2.5 and were used as reference data in the 
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subsequent calibration modeling. 
Table 2.5 Factorial design scheme for semi-synthetic samples in adaptive 
calibration 
j—BBgMBgn—FgfHIi^UMWnaMBE—EE— ^^H^HHHHHHI^I^I^I ^ ¾^^^^^^^^^^^¾!^ ^^^¾^^^^^^^^^^ ^^^ ^^¾¾!^¾!^^^! 
0 g/L * * * * * * * 
2 g/L * * * * * * * 
5 g/L * * * * * * * 
6 g / L * * * * * * * 
10 g/L * * * * * * * 
15 g/L * * * * * * * 
2 0 g / L * * * * * * * 
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2.2.1.2 Matrix 2 calibration samples 
As will be introduced in the next chapter, we will see that for some fermentation 
batches, the concentration of acetate will exceed 20 g/L and even reach a 
concentration of 40 g/L. Therefore, to compensate this, a new matrix—Matrix 2 was 
made with the acetate concentration range covers 27.9-47.4 g/L. Matrix 2 was 
prepared using the sample from the end of Batch 3 fermentation. The preparation 
method is similar with that ofMatrix 1. 
2.2.1.3 Matrix 3 calibration samples 
Matrix 3 calibration samples were prepared on the basis of fresh medium with 
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no glycerol and acetate. The fresh fermentation medium is prepared following the 
procedure as described in 2.1.2.2, but without the addition of glycerol. Hence, the 
concentration of glycerol and acetate in the fresh medium should be zero. Then the 
calibration samples were synthesized following the factorial design similar to Matrix 
1. The concentrations of the samples again distribute evenly across 0-20 g/L. Fresh 
medium calibration samples were thus readily for use. 
Last but not least, near-infrared absorbance spectra of the samples were collected 
in a lmm path-length quartz cuvette using the transmittance module. Sixty-four 
co-added scans of the sample were referenced with 64 co-added scans of air. Six 
spectra were acquired for each sample over the entire NIR range of4000-12500 cm" 
after equilibrating the samples to room temperature. Matrix 4 samples were prepared 
similarly on the sample from the end of Batch 4 fermentation. 
2.2.2 Summary of all samples 
There are totally 4 sets of calibration samples. All the samples for calibrations 
are shown in Table 2.6. The final sample means sample from the end of the 
fermentation. Matrix 1，2 and 4 were all synthesized using the supernatant of the final 
samples, while Matrix 3 was using the fresh medium. 
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Table 2.6 Summary of all the calibration samples 
^^^Categories ^^ J , Sample ^ ^ ^ Background Medium Model , 
B a t c h N o . ^ ^ ^ numbers 
Acetate and 
Matrix 1 pGRF final sample I t . 49 
glycerol 
Acetate and 
Matrix 2 Batch 3 final sample III t t 25 
glycerol 
Acetate and 
Matrix 3 Fresh medium III t , 25 
glycerol s 
Acetate and 
Matrix 4 Batch 4 final sample III t t 25 
glycerol 
2.3 NIR sample presentation and spectral acquisition 
2.3.1 NIR spectrophotometers 
Two NIR instruments were used in our study. The old NIR spectrophotometer 
(VECTOR 22M, Bruker) is used at the early stage, to do some preliminary work. 
After the new NIR spectrophotometer (MPA, Multi Purpose Analyzer, Bruker Optics) 
(Fig. 2.6) arrived on 17th March 2009, we stop using the old one. I also gathered the 
data, which is not presented in this thesis, from the old instrument. The 
spectrophotometer can be connected to a computer which was installed with the 
OPUS (Bruker Optics' Optical User Software) package which is affiliated with the 
machine on arrival. Through OPUS we're able to measure the NIR spectral, conduct 
the spectral pre-treatment, build the model, as well as predict the concentration of the 
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analyte of interest. 
H^ H^HBB^ n^ RH^ nH9H^ Mm^^ H^ n^ B^^ H^^ ^^ ^^ ^^ ^^ ^^ B^^ n^ H^ ^Mm n^^ ^^ m^^ ^^ ^^ n^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ l^MIIHWiMHHHHHHHBBHHHHB9l —' -.¢^>'?"-¾¾¾ 
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Fig. 2.6 The NIR spectrophotometer (MPA, Multi PurposeAnalyzer, Bruker 
Optics) which was used in our study. 
2.3.2 Cuvettes for spectral acquisition in transmission mode 
1 mm path-length quartz cuvettes (Fig 2.7) are used in our study for absorbance 
spectral acquisition in transmission mode. 
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Fig. 2.7 1 mm path-length quartz cuvette for acquisition of absorbance spectra in 
transmission mode (right). 
2.3.3 Bottles for spectral acquisition in reflectance mode 
Glass bottles (Fig. 2.8) were used to collect the spectra in reflectance mode. A 
reflector was needed for the back ground spectral acquisition when using the old 
instrument. However no extra reflector is needed for the new instrument since there is 
already an automatic cover inside it. 
^^ ^^ ^^ ^^ •^ ^^ ^^ ^^ ^^ •^I^HnHmBflB. 8HHI^HHHHH^H^HHHIH^HBSS@^^^PI 
^^B5B^mB^t 
^ ^ K ^ p ^ ^ ^ ^ ^ ^ R @ H B H ^ ^ ^ ^ ^ p ^ ^ ^ ^ ^ 
^ ^ ^ ^ ^ f c ^ ^ w ^ ^ | 
^ ^ ^ ^ ^ ^ ^ M K ^ ^ ^ ^ H 
^ M ^ S ^ ^ 1 
^ ^ ^ ^ ^ ^ ^ M 
^ p ^ ^ ^ ^ a 
Fig. 2.8 Glass bottles for holding samples during the spectral collection in reflectance 
mode. 
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2.3.4 Spectral acquisition 
2.3.4.1 Transmittance 
Near-infrared transmittance spectra of the raw fermentation samples and 
supernatant of the fermentation samples were collected in a 1 mm pathlength quartz 
cuvette using the transmittance module of a MPA (Multi Purpose Analyzer) NIR 
spectrophotometer (Bruker Optics) with OPUS software. Sixty-four co-added scans 
of the sample were referenced with 64 co-added scans of air. Six spectra were 
acquired for each sample over the entire NIR range of 4000-12500 cm"1 after 
equilibrating the samples to room temperature. The parameters are fixed for the 
collection of spectra ofboth calibration and validation samples. 
For the measurement of direct fermentation broth samples, samples were shaken 
well to ensure that they are homogeneous before spectral acquisition. As for the 
supernatant samples, they were loaded into the cuvette and taken spectra directly 
without any disturbance. 
2.3.4.2 Reflectance 
Homogeneous fermentation samples as well as the samples after precipitation 
were loaded to the glass bottles and then covered with the caps. Near-infrared 
transmittance spectra of the raw fermentation samples were collected using the 
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reflectance module of the old NIR spectrophotometer. Sixty-four co-added scans of 
the sample were referenced with 64 co-added scans of air. The cover was used to take 
the spectral background. 
For the measurement of homogeneous fermentation samples, samples were 
shaken well to ensure that they are homogeneous before spectral acquisition. For the 
spectral acquisition of the precipitated samples, the samples were measured without 
disturbance after the bacteria settled down to the bottom of the bottle (Fig. 2.9). In 
this case, the NIR light can hardly travel through the sample. Therefore, more light 
can be reflected by the sample and the spectral signal can thus be enhanced. 
0 0 0 ' — 。0 0 00 precipitate 0 _ 0 
0 0 0 0 ^ 
0 0 
%VUl toM 
Fig. 2.9 The process ofsedimentation of the E. coli cells in the fermentation broth. 
2.4 Multivariate calibration and validation 
2.4.1 Spectral preprocessing 
Aqueous solutions of different concentrations of glycerol and acetate were made 
for the investigation of the spectra in order to identify their specific absorption bands. 
The regions correlated to the components were selected as the calibration ranges. 
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Spectral preprocessing method 2nd derivative was performed in the OPUS software 
and used in the model establishment. 
2.4.2 Multivariate calibration 
PLS was used as the statistical tool to capture the subtle spectral responses and 
relate them to the analytes of interest. The calibration models were constructed using 
the OPUS software using leaving one out cross validation. After cross validation, 
important parameters such as R2, RMSECV and number of factors were resulted and 
recorded for the subsequent model evaluation. 
2.4.3 Model validation 
The parameters and the models established using PLS regression was selected to 
obtain a potentially good performing model. 
Samples from Batch 7 and 8 and Matrix 4 were used for the model validation. 
Each supernatant sample was analyzed by both test kits and biochemistry analyzer 
according to the Manufacturer's protocol. The concentrations of glycerol and acetate 
in Matrix 4 were determined by the factorial design. 
For the calculation of measurement errors of sample presentation, triplicate 
samples were loaded into the cuvette for spectral acquisition of each sample in 
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transmission mode. The standard deviation was then calculated which stands for the 
sample measurement errors. 
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Chapter 3 Results and discussion 
All the results and related discussions will be presented in this chapter. First, the 
sample presentation method was determined and spectral ranges responding to 
glycerol and acetate were observed and selected for building calibration models in 3.1. 
Secondly, three adaptive calibration models were built and validated in 3.2. Then the 
best performing model was selected for analysis and at-line monitoring of 
fermentation processes in 3.3. Last but not least, a general discussion will be given in 
3.4 and the future prospects will also be investigated in 3.5. 
3.1 Sample presentation and NIR spectrum 
Because the calibration model is constructed by relating NIR spectra to the 
21 • i 
reference data, the quality of spectra is crucially important. In this section, the 
absorbance spectra were collected in both transmission and reflectance mode. The 
qualities of the spectra of the supernatant, homogeneous and precipitated 
fermentation samples were compared. Spectra which were reproducible and less 
noisy were considered to be of good quality. The sample presentation method yielding 
the best spectral quality was chosen for further spectral acquisition. After the choice 
of the best method, the spectra were further observed and overlapping was found in 
the spectra ofresponding to the concentration change of acetate and glycerol. This led 
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to the adaptive calibration strategy for quantitative analysis in our study. 
3.1.1 Transmission measurement 
In transmission mode, the absorbance of the broth and supernatant samples from 
Batch 9 is shown in Fig 3.1. The six repeated spectra of the supernatantof the sample 
from the end of Batch 9 fermentation are shown in Fig. 3.2. The spectra of the 
supernatant are overlapped at the bottom in the figure while the broth samples are 
labelled with (O) (Fig. 3.1). The six repeated raw NIR spectra of the sample from the 
end of fermentation have little difference from each other after comparison (Fig. 3.2). 
These spectra exhibit both reproducibility and good quality (Fig. 3.2). 
Absorbance units of the fermentation broth spectra are higher than the supernatant 
(Fig 3.1). This is due to the biomass remained in the samples absorbed NIR light. The 
more biomass the sample contains, the higher the absorbance is. The alignment ofthe 
original samples 15，23 and 31 hours from down to top (Fig. 3.1) can prove the 
aforementioned statement. The scale of the spectra derived from the biomass will add 
an additional variable to the calibration and make it more difficult to correlate the 
spectra with the defined analytes. Besides, obvious difference can be observed even 
among the raw spectra (Fig. 3.3). This is probably due to the scattering of the NIR 
light by the moving cells in the cuvette, which can result in lower signal to noise ratio 
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(S^S[). Therefore the absorbance spectra acquired from the original fermentation 
samples are less reproducible. 
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Fig. 3.1 Absorbance spectra acquired through the transmittance mode ofthe original 
(0) and supernatant of samples from 15, 23 and31 hours ofBatch 9 fermentation. 
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Fig. 3.2 Six absorbance spectra acquired through the transmittance mode for 
supernatant of the sample from the end ofBatch 9 fermentation. 
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Fig. 3.3 Triplicate absorbance spectra acquired through the transmittance mode for 
the sample from the end ofBatch 9 fermentation. 
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3.1.2 Reflectance measurement 
The absorbance spectra of homogeneous fermentation sample from the end of 
Batch 2 as well as that after precipitation are shown in Fig. 3.4. The spectra taken 
from the homogeneous sample are also noisier (less smooth) than those from 
precipitated samples (Fig. 3.4). The spectra of the precipitated samples have lower 
absorbance than those of homogeneous ones. This is because more NIR light was 
reflected by the cells which were clustered densely at the bottom of the bottle. Thus 
the spectral signal was enhanced. Moreover, the noise has also been alleviated in the 
precipitation samples, which can also be seen visually in Fig. 3.4. The spectra are also 
reproducible. 
However in the homogeneous samples the cells were floated and allowed more 
NIR light to pass through the sample, making the light reflected by the sample less 
and absorbed by water more. Similar to the spectra acquired by the transmission 
mode, the spectra of fermentation broth are also not reproducible (Fig. 3.4). Moreover, 
the Sy^S[ ofthe fermentation spectra is smaller than the spectra of precipitated samples. 
Hence, the quality of the spectra taken after precipitation is overall better than those 
ofhomogeneous broth samples. 
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Fig. 3.4 Comparison between the spectra ot homogeneous fermentation sample trom 
the end ofBatch 2 and that after precipitation; six spectra of the homogeneous sample 
and two spectra of the precipitated sample were shown. 
3.1.3 Spectral responses and pre-treatment method 
Since raw NIR spectra are often overlapping, second derivative was used for 
spectral pretreatment to unravel specific peaks. Fig 3.5 A shows the overlapped raw 
spectra of the supernatant of Batch 1 fermentation samples. After conducting 2nd 
derivative, obvious spectral responses due to glycerol and acetate variations were 
observed in the regions of 6300-5500 cm"1 and 4900-4250 cm"1, which can be seen 
from the expanded area in Fig. 3.5 B. Therefore, the simple 2nd derivative 
pre-treatment method was selected as it introduced lower noise level to the spectra. 
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To further confirm the spectral variations of the above two regions were resulted from 
the changes of glycerol and acetate concentrations, Solution 1 which contained 2 g/L 
glycerol and 2 g/L acetate was synthesized and taken NIR spectra. Spectral responses 
due to glycerol and acetate were observed in those two spectral regions. Moreover, 
these spectral absorbance scales from top down across fermentation time course. 
These two spectral regions were therefore used for adaptive calibration. Nevertheless, 
the peaks of samples with different portions of glycerol and acetate shift a little in 2n 
derivative spectra to an overlapping level. By using adaptive calibration, this problem 
can also be addressed. 
Although the reflectance of spectra the precipitated samples were also 
reproducible and had a higher Sf^ compared with those taken from the homogeneous 
samples, the 2nd derivative spectra do not seem to have much correlation with the 
analytes of interest (i.e. glycerol and acetate). Interestingly, if the NIR light really 
interact more with the fermentation broth in homogeneous samples, theoretically 
there would be better signal of glycerol and acetate. This does indicate the higher 
absorbance of fermentation broth is more due to water. 
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Fig. 3.5 (A) Raw NIR spectra; (B) Second derivative NIR spectra of 26, 27, 29, 30 
hours samples of Batch 1 fermentation and Solution 1 (Solution 1 contains 2 g/L 
glycerol and 2 g/L acetate. Expanded second-derivative NIR spectra in the region of 
6300-5500 cm"1 and 4900-4250 cm'1 are also shown). 66 
3.1.4 Design of experiments for calibration sample preparation 
From Fig. 3.5 we can see that the absorbance of acetate and glycerol at 
6000-5800 cm"1 and 4500-4300 cm"1 can correlate with the concentration of these 
analytes. However, the spectral response of acetate and glycerol overlaps with each 
other, even in the 2nd derivative spectra. Moreover, in real fermentation samples, the 
concentration of glycerol decreased during the fermentation process while acetate 
increased, causing a linear relationship between these two analytes. Therefore, 
collinearity existed between glycerol and acetate. Consequently, to eliminate the 
problem of overlapping as well as collinearity, different concentrations of glycerol 
and acetate should be added into the supernatant of the fermentation samples for 
making calibration sample sets. The design of experiment (DOE) and subsequently 
full factorial design was used for synthesizing the calibration samples. 
The concentration points of glycerol and acetate should spread over the 
calibration range (0-20 g/L), which is also the expected range during fermentation. 
Ideally, the synthetic samples with fresh medium as the background are preferable 
only if they can result in a good performing model. However, this is not always the 
case since those samples cannot mimic the fermentation process entirely. 
Semi-synthetic samples using fermentation supernatant could result in a more 
accurate model. However there is a limitation on lower limit in calibration range, for 
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instance, the pre-existence of acetate in the fermentation sample. For example, if the 
concentration of acetate in final fermentation sample is 2 g/L, this will be the 
minimum concentration in the calibration samples. If the model based on these 
samples is applied to samples with lower than 2 g/L acetate, it would not be as precise 
as within the calibration range. In a nutshell, models established upon calibration 
samples made from both fresh medium and fermentation supernatant should be 
designed and compared afterwards. 
3.1.5 Summary 
From the above results we can see that only the absorbance spectra acquired from 
the supernatant of fermentation samples and reflectance spectra of precipitated 
fermentation samples were reproducible and reliable. The SfM was also higher for 
these two spectral acquisition methods. In transmission and reflectance mode, the 
absorbance spectra of the homogeneous fermentation samples were neither 
reproducible nor smooth. 
The raw NIR spectra of acetate and glycerol are overlapping with each other and 
2nd derivative was used to observe the specific spectral response. Indeed, absorbance 
related to different concentrations of acetate and/or glycerol can be discerned. Only 
the 2nd derivative of the absorbance spectra of the supernatant can correlate to acetate 
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and glycerol, facilitating the model construction. The reason why the reflectance 
spectra of the precipitated samples cannot is probably that precipitation was not well 
controlled. Firstly, the cell densities varied from sample to sample. Secondly, the 
precipitation time can also affect the density of the cells. On the other hand, the 
supernatant of the sample was obtained after centrifugation. It was easier to control 
by validating the centrifuge process. 
Therefore, lmm transmittance mode was the best spectral acquisition method and 
was used to acquire the spectra from the supernatant of the samples in our study. All 
the fermentation samples we used are centrifuged before loading into the cuvette for 
spectral acquisition. 
However, the overlapping problem still existed in the 2nd derivative spectra. 
Because this together with the characteristic of fermentation can cause the problem of 
collinearity between acetate and glyecrol, raw fermentation samples cannot be used 
directly for calibration. As a result, we have to resort to synthetic or semi-synthetic 
samples to build the calibration models. For this reason, DOE was needed in order to 
construct the best set of representative samples for establishing accurate models. 
3.2 Adaptive calibration 
In this section, three calibration samples, Matrix 1, Matrix 2 and Matrix 3, were 
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constructed on the basis ofBatch 1，Batch 3 and fresh medium respectively according 
to the full factorial design. This approach can eliminate the problem of collinearity in 
the fermentation broth resulted from the correlation between glycerol and acetate. 
Moreover, the models were developed by PLS over the ranges 6000-5800 cm"1 and 
4500-4300 cm"1 with the reference results of glycerol and acetate. 2nd derivative was 
used to unravel the spectral responses corresponding to these two components. The 
statistical parameters of these calibration models were presented and compared to 
select a potential robust model for further application. 
Before validating the three models, the two reference analytical methods, 
enzymatic test kits and automatic biochemistry analyzer (Bioprofile), were evaluated. 
The better performing assay was then used for providing reference data for model 
validation. Afterwards, external validation was conducted using 3 batches of 
fermentation samples. The validation parameters as well as the overall measurement 
errors were also demonstrated and the best performing model was then selected for 
at-line monitoring of fermentation in the next section. 
3.2.1 Selection of Multivariate calibration model 
3.2.1.1 Matrix 1 calibration models 
Matrix 1 calibration model was built on the Matrix 1 samples originated from 
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the supernatant of the sample from the end of pGRF fermentation (Batch 1). PLS was 
used to correlate predetermined concentration data with the NIRS data. All spectra 
were pretreated by 2nd derivatives, with a segment size of 10 and a gap size of2. Fig. 
3.6 shows the calibration parameters of the Matrix 1 model. 
The regression coefficients R2are 99.5 and 99.6 for glycerol (Fig. 3.6 A) and 
acetate (Fig. 3.6 B) respectively. Glycerol and acetate concentrations predicted by the 
model are highly correlated with the reference values, indicating that the model 
described and predicted accurately the concentrations ofboth analytes. The RMSECV 
for both analytes is low—0.143 g/L for glycerol and 0.121 g/L for acetate. The 
number of factors of both glycerol (Fig. 3.6 C) and acetate (Fig. 3.6 D) present in a 
descending order. The local optimum with the high R2 and low RMSECV was 
achieved by selecting four factors. However, five or more factors were needed in 
order for the highest R2 or lowest RMSECV to be achieved. This, in turn, would 
cause the problem of over-fitting. Thus, four factors were chosen for this model. 
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Fig. 3.6 Matrix 1 Calibration models derived from Matrix 1 calibration 
samples: calibration parameters, R2, RMSECV the number of factors chosen, 
of (A) glycerol and (B) acetate models, the reference values are calculated by 
the concentrations of analytes added to the samples; the plot of RMSECV 
versus the number of factors of (C) glycerol and (D) acetate. 
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3.2.1.2 Matrix 2 calibration models 
To achieve broader calibration range for acetate, Matrix 2 calibration samples 
were synthesized on the basis of the sample from the end of Batch 3. The 
concentration of acetate in this sample was over 20 g/L. Therefore, by adding extra 
acetate into this sample according to the full factorial design similar as Matrix 1, the 
concentration of acetate in Matrix 2 calibration samples ranged from 27-47 g/L. 
Matrix 2 models were constructed on these samples using the same method as Matrix 
1 models. Fig. 3.7 shows the calibration results along with the parameters of this 
model. 
Both glycerol (Fig. 3.7 A) and acetate (Fig. 3.7 B) concentrations of calibration 
are highly correlated with the reference values because R2 for acetate is 99.99 and 
glycerol 99.98 in the models. The RMSECVs for glycerol and acetate are very 
1OW__0.0857 g/L and 0.0961 g/L respectively. The selection criteria of the number of 
• 2 j 
factors are the same as in Matrix 1 model. To achieve the local maximum R and 
minimum RMSECV four factors were chosen for this model. This model is also 
acceptablejudged by the above parameters. 
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Fig. 3.7 Matrix 2 Calibration models derived from Matrix 2 calibration samples: 
calibration parameters, R2, RMSECV the number of factors chosen, of (A) glycerol 
and (B) acetate models, the reference values are calculated by the concentrations of 
analytes added to the samples. 
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3.2.1.3 Matrix 3 calibration models 
In order to remove the pre-existed values of glycerol and acetate in Matrix 1 and 
2 calibration samples, fresh medium (III) was prepared and used as the background of 
Matrix 3 samples. Matrix 3 models were thus constructed on these samples by using 
PLS and 2nd derivative. Fig. 3.8 shows the calibration results and parameters of 
Matrix 3 models. R2 for glycerol (Fig. 3.8 A) and acetate (Fig. 3.8 B) are 99.4 and 
99.5 respectively, indicating that the models can properly describe the concentrations 
of these two analytes. The RMSECVs, 0.115 g/L for glycerol and 0.122 g/L for 
acetate, are acceptable. The number of factors selected in the same way as in Matrix 1 
model. To achieve the local optimum for R2 and RMSECV five factors were chosen 
for this model. This model seems fine with a high R2 and low RMSECV although it 
has a higher number of factors than the previous two models. 
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Fig. 3.8 Calibration models derived from calibration samples made with fresh 
medium: calibration parameters of acetate (A) and glycerol (B) models. 
77 
3.2.1.4 Summary 
Three different models, Matrix 1, 2 and 3, on different calibration sample sets 
were established and presented in this part. The statistical parameters that evaluate 
these calibration models were shown in Table 3.1. 
Table 3.1 Calibration of Matrix 1, 2 and 3 models obtained by Partial Least 
Squares Regression of 2n derivative spectra. 
Statistical Parameters 
CalibrationModels Range ^ ~ ~ RMSECV � T / “ 
R Number of factors 
fe^ te^ 
glycerol 0.7-20.7 99.95 0.143 4 
Matrix 1 "TT^ “ 
acetate 4.2-24.2 99.96 0.121 4 
glycerol 0.5-20 99.99 0.0857 4 
Matrix 2 ~~~~~； * 
acetate 27.9-47.4 99.98 0.0961 4 
^ glycerol 0-15 99.94 0.122 5 
M a t n X 3 acetate “ 0-15 99.95 0.115 5 
Matrix 2 has the highest R2 and lowest RMSECVs while Matrix 3 has the lowest 
R2 and Matrix 1 the highest RMSECV. Because Matrix 3 model needs one more 
factor than the other two models and it cannot mimic the real fermentation samples, it 
is less preferred for the future application. As for Matrix 2 calibration models, which 
has the optimal statistical parameters, the calibration range of acetate is out of the 
usually expected ranges (0-20 g/L) of the fermentation process. Moreover, the model 
with optimal parameters, such as highest R2 and lowest RMSECV will not necessarily 
be the most stable and precise one for prediction. External validation was performed 
78 
by predicting more unknown sample sets and comparing the prediction values with 
those from reference analysis. Hence, the RMSEP can be calculated and precision of 
the adaptive calibration models can be determined. 
At this stage, Matrix 2 model is preferred from the evaluations above for the 
prediction and monitoring of fermentation. 
3.2.2 Model validation 
3.2.2.1 Performance of reference analytical methods 
3.2.2.1.1 Enzymatic test kits 
The standard aqueous glycerol and acetate solutions with different 
concentrations were prepared. These samples were then measured by the enzymatic 
test kits according to the Manufacturer's protocol. The measurement ranges for 
glycerol and acetate were 0.04-0.4 g/L and 0.06-0.3 g/L respectively. The comparison 
between the results oftest kits and the pre-determined values of the standard samples 
is shown in Fig. 3.9. When the concentration of glycerol (Fig 3.9 A) was below 0.3 
g/L, the analytical results of test kit were very close to the true value. However, when 
the concentration of glycerol exceeds 0.3 g/L the results was not that accurate. 
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Fig. 3.9 The comparison between the reference values including pre-determined 
values and the analytical results from test kit for the concentrations of (A) glycerol 
and (B) acetate. 
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As for the acetate test kit (Fig. 3.9 B), the variation of the tested value also 
increased when the concentration of acetate became higher. The difference between 
the true values and the result of the test kit reached the highest when the 
concentration of acetate was over 10 g/L. 
Generally, the acetate test kit was more accurate within its analytical range and 
less accurate when the concentration exceeded 8 g/L. Glycerol test kit, on the other 
hand, was less accurate even within its measurement range, especially over 0.3 g/L. 
3.2.2.1.2 Automatic biochemistry analyzer (Bioprofile) 
The standard fermentation medium samples with different concentrations of 
glycerol and acetate was analyzed by the biochemistry analyzer automatically. The 
measurement for each sample was four minutes. The comparison between the results 
ofbiochemistry analyzer and the true values of the standard samples is shown in Fig. 
3.10. As shown in Table 2.3, the measurement range for glycerol is 0-7 g/L. So for the 
sample with 10 g/L glycerol the analysis should have a larger error which is reflected 
in Fig. 3.10 A. However, for the analysis within the range and needs no dilution, the 
performance of Bioprofile is satisfying. For the analysis of acetate, the results are 
generally accurate because all the samples were within the measurement range of 
biochemistry analyzer (Fig 3.10 B). 
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values and results from biochemistry analyzer for the concentrations of (A) glycerol 
and (B) acetate. 
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3.2.2.1.3 Summary 
The performance of two analytical methods, enzymatic test kits and 
biochemistry analyzer were presented and evaluated. The measurement ranges of 
biochemistry analyzer are wider than those of test kits. For samples within the 
analytical ranges, both biochemistry analyzer and acetate test kit performed well, 
while glycerol test kit performed worse particularly when glycerol concentration was 
over 0.3 g/L. However, when out of the measurement ranges, dilution was needed and 
therefore made the analysis less precise. 
Besides, as far as the time issue is concerned, the analysis by biochemistry 
anlayzer was within four minutes for each sample, while half an hour was the 
minimum for test kit analysis. Therefore, we chose biochemistry analyzer for our 
further reference analysis because it can yield equal accurate results with a shorter 
time and a wider measurement range. 
3.2.2.2 Model validation using external test samples 
3.2.2.2.1 Matrix 1 models 
The models were validated by comparing the concentrations of glycerol and 
acetate from NIR prediction with reference values in three fermentation batches, 
Batch 7, 8 and Matrix 4. The results of glycerol and acetate are shown in Fig. 3.11 A 
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and B respectively. The reference data of Batch 7 and 8 were obtained by the 
biochemistry analyzer measurement while that of Matrix 3 is already known from the 
• • 2 j ? factorial design. The validation parameters are also shown in Fig. 3.11. The R for 
glycerol and acetate are 96.2 and 93.8 respectively. Meanwhile, the RMSEPs of 
glycerol and acetate are 1.81 g/L and 2.2 g/L, which is bigger than the RMSECVs 
which are less than 1 g/L. 
As can be seen from Fig. 3.11 A, the concentration of glycerol in Batch 7 is out of 
the calibration range which is from 0.6 g/L to 20.6 g/L. On the one hand this will 
enlarge the error of prediction of glycerol. On the other hand, the spectra of glycerol 
acetate are overlapping with each other. This may account for the fact that the 
correlation of NIR prediction and reference data derivates more than the other two 
batches. For the prediction of acetate concentrations, the predictions of Matrix 4 
calibration samples and Batch 8 are the more accurate. Even the prediction of the 
sample more than 24.2 g/L acetate is also with satisfactory. However, the NIR 
predictions of samples from Batch 7 derivate a lot from the reference values. This is 
probably because of the instability of the biochemistry analyzer for the obtaining of 
the reference values. No obvious outliers were observed in the acetate prediction. The 
error bars for both analytes’ predictions are presented but cannot be detected visually. 
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Fig. 3.l l Comparison of Matrix 1 model predicted glycerol (A) and acetate (B) 
concentrations with those from Bioprofile measurements (Batch 7 & 8) and true 
values (Matrix 4). 
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Several outliers of Matrix 4 in Fig. 3.11 B can be detected by visual inspection. 
Because this Matrix was made upon the end sample from Batch 4, the measurements 
of glycerol and acetate of the sample is critical for determining the concentrations of 
these two analytes in this Matrix. The prediction error is probably derived from the 
less accurate measurement of glycerol in the end sample. To verify this hypothesis, an 
off-set value of 1.67 g/L was added into the predicted values and resulting in a better 
prediction correlation (Fig. 3.12). Both the R2 and RMSEP are improved. 
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Fig. 3.12 Comparison ofMatrix 1 model predicted glycerol concentrations with those 
from Bioprofile measurements (Batch 7 & 8) and true values (Matrix 4) after adding 
an off-set value to the predicted values ofMatrix 4. 
To sum up, the validation on this model was satisfactory. If the concentrations of 
glycerol and acetate are within the ranges of calibration models, the prediction from 
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the calibration models is reliable. Ifthe concentrations are out of the calibration range, 
the error of prediction will be larger. 
3.2.2.2.2 Matrix 2 models 
This model was validated by Batch 7 and 8. The results of glycerol and acetate 
are shown in Fig. 3.13 A and B respectively. The validation parameters are also 
shown in Fig. 3.13. 
The correlation coefficient for glycerol and acetate is 97.1 and 97.4 respectively 
which are acceptable. The RMSEPs of glycerol and acetate are 1.89 g/L and 1.86 g/L, 
which is bigger than the RMSECVs. Similar as Matrix 1 model, the prediction of 
glycerol is better when the concentrations are within the calibration range and worse 
when out ofthe range. There are some negative prediction acetate values for Batch 8, 
which are out ofthe calibration range ofMatrix 2 model. For Batch 1, the variants of 
acetate prediction from the reference values are also probably due to the instability of 
biochemistry analyzer. The error bars again, cannot be observed visually, indicating 
the accurate predictions. 
In a nutshell, this model also performed with satisfactoryjudged from the high 
R2 and low RMSEP. 
87 
A 
45 ^ | 
40 - ,Batch7 • Z 
< 35 1 "Batch8 y / 
i： / 
Q- I ^ 2^ =97.1 
i 10 [ ^ ^ RMSEP=1.89 I 
5 L ^ 9 ^ Number of factors; 4 | 
® r 
o ™ I I 1 1 1 1 1 1 1 
0 5 10 15 20 25 30 35 40 45 
Reference Values (g/L) 
B 
15 I • ^ | 
_ 7 • ^ x 
^ I m Batch 8 y ^ [ 
i ^ ^ 
茗 5 h • Z R2 =97.4 
S y ^ RMSEP=1.86 
2! y ^ Number of factors: 4 
S o ^w~~" 1 1 
5 纩 5 10 ^ 
Reference Values (g/L) 
Fig. 3.13 Comparison of Matrix 2 model predicted glycerol (A) and acetate (B) 
concentrations with those from Bioprofile measurements (Batch 7 & 8). 
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3.2.2.2.3 Matrix 3 models 
The results of glycerol and acetate are shown in Fig. 3.14 A and B respectively. 
• 2 
The validation parameters are also shown in Fig. 3.14. The correlation coefficient (R ) 
for glycerol and acetate is 93.31 and 94.5 respectively. The RMSEPs are 4 g/L for 
glycerol and 1.01 g/L for acetate. The RMSEP of glycerol is unacceptable. This is 
probably because that the fresh medium cannot mimic the real fermentation samples. 
However, the acetate model performs well. This may be due to no acetate 
pre-exist in the fresh medium. This model is nonetheless satisfying with a high 
RMSEP in glycerol. 
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Fig. 3.14 Comparison of Matrix 3 model predicted glycerol concentrations with 
those from Bioprofile measurements (Batch 7 & 8) and true values (Matrix 4) after 
adding an off-set value to the predicted values ofMatrix 4. 
3.2.2.2.4 Overall NIR measurement errors 
Three batches of fermentation, Batch 5, 6 and 7 samples, were used to make 
assessment ofoverall measurement error bars ofMatrix 1 model prediction. The error 
bars of sample preparation were obtained by calculating the standard deviation ofthe 
triple loading samples. Instrumental measurement errors were obtained by calculating 
the standard deviation ofthe six spectra taken for each sample. All the measurement 
errors are exhibited in Table 3.2. The overall error bars are very small. Moreover, the 
error bars resulted from sample presentation are generally smaller than those from 
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instrumentation. Therefore, the overall measurement error bars were estimated by the 
instrumentation error bars. 
Table 3.2 Errorbars ofBatch 5, 6and7 predictions for glycerol and acetate 
from sample presentation and instrumentation. 
— I | , rt ,.,.-j.…...，..:| :一 , 1 - … I -4 ：‘ ::: . f l . -.一 ！::.； • i I . , 
:Meast3fgmenf: Errors. Averagg 
T |rnstryment 0,065 0.053 0.070,0>022 0.034 0.019 0.085 0,053 0,075 0.039 0.052 
Batch 5 sampie 0.178 0,0B6 0.027,0.056 0.010'0.055 0.031 0.025 0,025 0^ 007 0.045 
Instrument 0.077 0.047 0,076:.0,054 0.074 0.0B9 Q.055;0,0W 0.082 0.046 Q.O&9 
G l y c e m l Batch 6 Sampie 0.044 0,030 0,052；0.040 0.021,0,033 Q,013 0.018 0,Q27. 0.018 0.030 
Instrument 0.052j0.072 0.109;Q,068 0.116 0,130 0.079 CUB2 0,075； 0.0SS 0.084 
Batch 7 Sample 0.072|0.043 0,079;Q.033 0.040 0.«)2 0.051 0.047 0,020. 0.022 0.041 
“ instryment Cf.050 0,069 0,Q55i0,061 Q.Q63 0,0§2 0,029 0,061 0,029 0,079 0.05¾ 
Bat€h 5 sampie €,131：0.034 0M52 0,04QJ)M58 0.019 0.025 0.030 0.032 0.02S 0,045： 
~ ~ ~ Instrument 0.QQ2 D.052l0.0M'0.064 0.082 0.0B9 0.118 0,076 0,066 0>034 0.079 
Acetate Batch 6 ^ ^ & ft026 Q Q57 0>044 a 0 1 5 a037:0,027 0.018 0.019 0.054 Q.02B 0.033 
— ~ Instryment 0.078:0.068,0,076 Q,OSS O.m O.lO3 0.079 0,101 0,049, 0,058 0.081 
Batch 7 sampie 0.038'0.064 0.033 0.051 0.069,0.008 0 .w 0.02& 0.0s0 0.064| 0.045 
3.2.2.2.5 Summary 
The three models were validated with three batches fermentation in this part. The 
reference values were obtained by using biochemistry analyzer. All the validation 
parameters were described in table 3.3. From the comparison of these three models, 
Matrix 1 has the best performing model of glycerol with a satisfying acetate model. 
Matrix 2 models are also robust and reliable for the predictions. Matrix 3 is not 
acceptable because the RMSEP ofglycerol is too large. 
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Table 3.3 External validation of Matrix 1, 2 and 3 models obtained by Partial 




Calibration Models Range RMSEP Number of 
(g/L) R2 (g/L) factors 
glycerol 0.7-20.7 99.5 lA9 4 
Matrix 1 7T “ 
acetate 4.2-24.2 93.8 22 4 
~ ~ ~ glycerol 0.5-20 97.1 L89 4 
M a t n X 2 a c e t a ~ 27.9-47,4 97.4 “ 1.86 4 
glycerol 0-15 93.31 4 5 
Matrix 3 ~~~~ ^77 77^ ^ 
acetate 0-15 94.5 l_M 5 
The measurement errors of sample preparation and instrumentation were also 
investigated. From the above results, we can conclude that, the Matrix 1 and Matrix 2 
models perform better than fresh medium model especially for glycerol prediction. 
This is probably because the Matrix samples can mimic the real process fermentation 
samples better than the fresh medium. However, because there was an avoidable 
background value ( � 4 g/L) of acetate in Matrix 1 samples, the prediction of acetate 
for samples with less than 4 g/L acetate will be back extrapolated and not as accurate 
as Matrix 3 model with zero glycerol and acetate background. 
As discussed in the calibration of the models in 3.2.1, the concentrations of 
glycerol and acetate in most of the fermentation samples were within the range of 
0-20 g/L. Therefore, although there are outliers in Matrix 1 and Matrix 3 models 
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which are caused by unusual high concentration of acetate (above 20 g/L). Matrix 1 
model is preferred for the future application. The validation of this model further 
justifies our choice ofthis model. Thus, this accurate and robust model was selected 
for the future predictions ofglycerol and acetate in the research and development area 
for the optimization of the fermentation productivity. 
3.3 Use of calibrated NIRS in at-line monitoring and control offermentation 
Glycerol is used as carbon nutrient in this research while acetate is a by-product 
• 20 
which is produced due to incomplete conversion from glycerol to biomass and C 0 2 .， 
41 When acetate accumulates to a certain level, it can be inhibitory to E. coli growth 
rate 20 and the productivity 51，52. It is therefore crucial to control acetate concentration 
throughout fermentation. Interestingly, the concentration of acetate could be lowered 
by reducing the supplement of glycerol53, which is probably due to the consumption 
ofacetate as an alternative carbon source. 40 Hence, the concentration ofacetate could 
be controlled via the restriction of glycerol feeding. 
With the help of Matrix 1 model, the concentrations of glycerol and acetate can 
be predicted reliably. OD600nm was used as an indicator for the plasmid DNA yields 
since the higher the optical density is, ideally the more the plasmid DNA yield is. 
Both small-scale and large-scale fermentation were analyzed using this model. And 
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most importantly, two batches of 1 L fermentation were successfully monitored 
at-line using this model, 
3.3.1 Analysis of small-scale fermentation 
3.3.1.1 pGRF plasmid DNA production 
The samples ofBatch 1 producing pGRF plasmid DNA were analyzed by NIRS 
using Matrix 1 model right after sampling. The prediction results as well as OD600nm 
is exhibited in Fig. 3.15. Before 15.75 hours, when the exponential feeding started, 
the bacteria have a limited growth rate. The bacteria began to multiply quickly afler 
the feeding started at 15.75 hours. After the first heat induction at 27.5 hours, the cell 
began to multiply with a faster speed which can be indicated by the increasing slope 
of OD6oonm. When the second round of heat induction begins, which is after 31.5 
hours, OD continues to grow as quickly as during the first heat induction period at 
first. The concentration ofacetate is below 4 g/L which can hardly cause obvious side 
effects for the bacterial growth. 
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Fig. 3.15 OD_nm and NIR predicted values by Matrix 1 models of glycerol and 
acetate concentrations versus time in Batch 1. 
3.3.1.2 H5N1 plasmid DNAproduction 
Batch 9 and 10 producing H5N1 pDNA were analyzed by Matrix 1 model after 
spectral acquisition. The analytical information is shown in Fig. 3.16. After the 
feeding started at 12.5 hours, the concentration of glycerol was kept approximately 
zero according to a pre-determined exponential feeding profile. The growth rate ofthe 
cell increased sharply, which means the beginning of the log phase ofE. coli growth. 
Acetate accumulated gradually over the whole process, especially after the heat 
induction. Normally, the accumulation of acetate will not be higher than 2 g/L (Fig. 
3.16 A) and the optical density will increase steadily across the whole fermentation 
time. The OD in this batch reached 135 at the end of fermentation. 
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Fig. 3.16 OD600nm and NIR predicted values of glycerol and acetate concentrations 
versus time: (A) Batch 9 with low concentration of acetate; (B) Batch 10 with high 
concentration of acetate. 
However, ifthe cell growth could not achieve the pre-determined values, acetate 
could reach a higher level. It could also inhibit the growth of E. coli which can be 
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reflected by the sudden drop of optical density. This happened in Batch 10 
fermentation (Fig. 3.16 B). After 28 hours, the concentration of acetate climbed to 42 
g/L with a concomitant decline in OD600nm. Furthermore, the fmal OD ofBatch 10 is 
110 (Fig. 3.16 B)，which is lower than that ofBatch 10 (Fig. 3.16 B). 
From the above results we can see that the model constructed upon final samples 
ofpGRF fermentation can be used for the prediction of the H5N1 plasmid DNA. 
3.3.1.3 Summary 
Matrix 1 model was successfully used in this section for at-line analysis ofthree 
fermentation batches producing pGRF and H5N1 plasmid DNA. If the concentration 
ofacetate surpassed to a very high level, the OD would decrease. Thus, it is crucially 
important to control the concentrations of glycerol and acetate throughout the 
fermentation process to reach a higher level of OD. In section 3.3.3 Batch 11 and 12 
were conducted to further verify it was acetate that caused the decrease in OD. 
3.3.2 Analysis ofLarge scale fermentation 
33.2.1 30 L clinical production of H5N1 plasmid DNA 
Batch 13 was conducted in the 30 L clinical production fermenter for GMP 
production ofH5Nl plasmid DNA. The samples were also analyzed by biochemistry 
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analyzer. The starting concentration of glycerol in this batch is 18 g/L as predicted by 
Matrix 1 model (Fig. 3.17). However, the analysis result for this sample with 
Bioprofile is not accurate because dilution is needed and extra error is added. 
Glycerol was consumed up at 15 hours when the exponential feeding started. The 
concentration of glycerol was almost zero after the feeding started and throughout the 
fermentation. 
OD increased steadily after the fermentation started and more quickly after heat 
induction at 23 hours. The second round heat induction was performed at 27 hours 
which resulted in a higher cell growth rate reflected by OD. However, OD began to 
decline after reaching the maximum of 101 at 30 hours to a level of 90 in the final 
product, which was probably due to the high concentration ofacetate. 
Acetate began to accumulate after 26 hours which can be reflected by the 
analysis from Bioprofile and NIR prediction (Fig. 3.17). It increased to 11 g/L at the 
end of the fermentation. 
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Fig. 3.17 OD_nm, NIR predicted and biochemistry analyzer measured values of 
glycerol and acetate concentrations versus time for Batch 13 fermentation. 
3.3.2.2 80 L scale-up production ofH5Nl plasmid DNA 
Batch 14 which was produced in the 80 L fermenter was analyzed using NIRS 
through Matrix 1 and biochemistry analyzer. The starting concentration ofglycerol in 
this batch is 17 g/L as predicted by Matrix 1 model (Fig. 3.18). The variants (+/-5 g/L) 
between NIR prediction and the reference values are probably due to the instability of 
Bioprofile. Glycerol was nearly completely consumed at about 15 hours when the 
exponential feeding started. The concentration of glycerol was almost zero after the 
feeding started. Acetate did not accumulate throughout the fermentation process 
which can be reflected by the analysis either from Bioprofile or NIR prediction (Fig. 
3.18). 
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Fig. 3.18 NIR predicted and Bioprofile measured values of glycerol and acetate 
concentrations versus time for Batch 14 fermentation. 
3.3.2.3 Summary 
The concentrations ofacetate and glycerol in batches oflarge-scale fermentation 
were predicted by Matrix 1 model indicating the model can be used in different scales 
of fermentation i.e. 30 L and 80 L fermentation. The trend of the prediction can be 
validated by the reference values from biochemistry analyzer. This will benefit us a 
lot since we do not have to build an extra model for those scales so that the workload 
can be relieved. 
However, the Bioprofile did not work well for measuring high concentrations of 
glycerol which might due to the excessive dilution in order to reach its working range. 
But for those samples with a low concentration of glycerol, it is safe to use it as a 
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reference tool because the measurement can be done in 4 minutes for each sample. 
3.3.3 Effective control of fermentation production using at-line NIR analysis 
3.3.3.1 At-line monitoring ofBatch l l 
To investigate whether the high concentration of acetate in the fermentation 
caused the OD decline, Batch 11 was tightly controlled according to the at-line NIR 
analysis results by Matrix 1 model. This was achieved by reducing the glycerol 
feeding speed whenever acetate concentration was higher than 2 gfL. Fig. 3.19 shows 
the analytical results ofBatch 11 which aims at controllingacetate below 2 g/L using 
at-line NIRS. Exponential feeding (2.6%) was started on the completion ofglycerol at 
10 hours (Fig. 3.19). Exponential feeding was changed to constant feeding (13%) at 
25 hours since acetate reached a concentration of almost 2 g/L. The concentration of 
acetate was maintained at a relatively low level while OD shoot up after the first 
round heat induction which was performed at 23 hours. The feeding was changed to 
exponential feeding (15.6%) again at 29 hours. Acetate increased sharply at 30 hours 
when the feeding speed increased, resulting in a concomitant reduction of OD. The 
feeding protocol was therefore changed to a constant speed (16%) at 30.5 hours 
which caused the falling down of acetate concentration at 31 hours. In the final 
sample, the concentration of acetate was less than 2 g/L and the optical density 
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reached 170. The concentration of glycerol was controlled nearly completely 
consumed and acetate was controlled below 3 g/L. Therefore, both glycerol and 
acetate were controlled with satisfactory with the help ofNIRS and this also resulted 
in a higher OD. 
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Fig. 3.19 OD600nm and NIR predicted values of glycerol and acetate concentrations 
versus time for Batch 11 fermentation. 
3.3.3.2 At-line monitoring ofBatch 12 
Batch 12 was tightly controlled similarly within the first 28 hours and then 
stopped monitoring since 29 hours. Fig. 3.20 shows the analysis results of Batch 12 
which was conducted to validate the at-line monitoring and control of fermentation 
using NIR. A combination of exponential and constant feeding strategies was applied 
in this batch. Exponential feeding (1.4%) was performed once the feeding was started 
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at 10 hours when glycerol was almost entirely consumed. The concentration of 
glycerol was almost zero after the feeding started. 
OD increased steadily after the fermentation started and more quickly after heat 
induction at 23 hours. When acetate began to accumulate at about 24 hours, feeding 
profile was changed to constant feeding with a lower speed (from 6.7% to 4.7%), 
which resulted in the decrease in acetate concentration afterwards as can be seen in 
Fig. 3.20. The second round heat induction was performed at 27 hours which resulted 
in a higher cell growth rate reflected by OD. Acetate increased while the constant 
feeding speed was increased at 27 hours. From NIR analysis we can see that the 
concentration of acetate exceeded 2 g/L, thus the feeding was converted to 
exponential strategy again. This reduced glycerol as expected to a glycerol limited 
degree. The concentration of acetate was lowered again which can be verified by NIR 
analysis at the next time point. However, after the feeding protocol was changed to 
constant feeding with a higher speed (19%), the production of acetate began to 
resume after 30 hours and increased to an even higher degree of about 10 g/L (Fig. 
3.20 Black Circle). Meanwhile, OD began to decline after reaching the maximum of 
139 at 30 hours to a level of 115 in the final product, which was probably due to the 
high concentration of acetate. 
103 
j 16� | h ^ { 140 
14 1 + G l y c e r d V 7 V . 120 
一 X ^-Acetate / 
d 12 [ \ / 3 ^ ^-OD600nm M • 100 
： \ yj^i 
f'L^^: 
o ？^ 1 .——T" I • t i ^ V ^ . ~ L o 
！ 0 5 1 0 1 5 2 0 2 5 3 0 
Time/hrs 
Fig. 3.20 OD6oonm and NIR predicted values of glycerol and acetate concentrations 
versus time for Batch 12 fermentation. 
3.3.3.3 Summary 
We have demonstrated improved acetate concentration control in fed-batch E. coli 
fermentation using at-line NIRS with Matrix 1 model. The concentration of acetate 
was controlled by adjusting the glycerol feeding according to new analytical data 
from NIR. OD can be increased by as high as 30% compared with the uncontrolled 
batches when the concentration of acetate was controlled below 2 g/L. Moreover, the 
total plasmid yield also increased by 25% in Batch 11 compared with Batch 12 (Table 
3.4). However, if left uncontrolled, the concentration of acetate will increase again 
leading to the reduction of cell density and hence the product. This indicates that acetate is probably consumed by the cells when glycerol was constraine  nd high
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concentration of acetate could inhibit cell growth. 
Table 3.4 Final OD and total plasmid DNA yields of Batch 11 and 12 
fermentations. 
OD Specific plasmid yield (mg/L/OD) Total plasmid yield (mg/L) 
Batch 12 114 2.95 336.3 
Batch 11 169.2 2.92 494.1 
With the availability of the monitoring, the concentration of acetate was brought 
down and the productivity was thereby enhanced. This is very important in the 
optimization of the fermentation processes for avoiding the low productivity caused 
by excessive acetate. Moreover, extra calibration is also unnecessary since Matrix 1 
model can be used in different fermentation of plasmid DNA and scales. 
3.4 General discussion and conclusion 
The main objective of this study was to evaluate at-line NIR spectroscopy for 
analysis of glycerol and acetate in plasmid DNA fermentations and thereby realizing 
the monitoring and optimization of the bioprocess. 
To investigate whether NIRS can be applied in our research, preliminary work 
was done. By doing these preliminary works we have successfully chosen the proper 
spectral acquisition and sample pretreatment method, using transmittance mode and 
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supernatant after centrifugation. 2nd derivative was used to unravel the hidden peaks 
in the raw NIR spectra. By further investigation into the 2n derivative spectra, two 
spectral ranges, 6300-5500 cm"1 and 4900-4250 cm"1, were chosen follow the criteria 
of most obvious changes responding to the specific analytes. These two regions were 
also used in building the calibration models. This proved the feasibility in using NIRS 
in our study. 
However, the spectra of glycerol and acetate were overlapping, making it 
difficult to correlate the spectra with each analyte. The DOE for adaptive calibration 
was introduced to solve this problem. Adaptive calibration was designed by using 
semi-synthetic samples to eliminate the correlation in the raw fermentation samples 
and achieve wider calibration ranges for the benefit of the research and development 
of fermentation optimization. 
To conduct the quantitative analysis, three calibration models Matrix 1, 2 and 3 
were constructed with the help of 2nd derivative and PLS. This is also the most 
difficult and challenging part in our study. By trying every means of combinations of 
semi-synthetic sample preparation and model parameter selection, we have 
• 2 -� established three models successfully. Each model had a high R and low RMSECV 
and was satisfying at the calibration stage. But Matrix 1 model was preferred for 
further application because it can mimic the real fermentation samples and has the 
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calibration ranges which are most close to those expected in the fermentation 
samples. 
The models were then validated by predicting real fermentation samples. By 
comparing the R2 and RMSEP of the three models, we've excluded Matrix 3 because 
it had a large RMSEP. Matrix 1 and Matrix 2 performed with satisfactory. However, 
when outside the calibration range, the predictions were not accurate. Moreover, the 
overall measurement errors were mainly caused by instrument error. This further 
verified the robust performance of Matrix 1 model. Therefore, taking the usual 
fermentation samples into consideration, Matrix 1 model was selected for further 
prediction of glycerol and acetate. 
We have demonstrated the successful extension ofMatrix 1 model developed for 
pGRF plasmid DNA fermentation to other fermentations producing H5N1 plasmid 
DNA. Furthermore, the model is also applicable in different fermentation scales, i.e. 1 
L for research and development, 80 L for trial scale-up fermentation and 30 L for 
clinical production. Wider applications for NIRS in fermentation can be achieved by 
the facilitation of this model, avoiding separate calibrations for each plasmid DNA 
production and scale. 
At-line analysis and monitoring of the two batches of fermentation further 
verified the good performance of the model. Also it explains that the increase in the 
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concentration of acetate is probably a key factor causing the reduction of the optical 
density and therefore the plasmid DNA yield. This, in turn, accentuates the 
importance of our study for monitoring the fermentation processes. 
However, there are also some limitations of our current model. First, it is an 
at-line process and still needs sampling. Second, the prediction using this model may 
not be accurate when the concentrations of glycerol and acetate are out of the 
calibration ranges. 
Despite the limitation of this study, it is still of great significance. NIRS is 
applied in plasmid DNA fermentation research for the first time. The model we 
developed can also be used to support the industrial production. The analysis is more 
convenient when applying NIR since it needs less sample preparation and is less time 
consuming compared with the reference analysis method. This enables bioprocess 
monitoring and control ofkey analytes using NIRS. Moreover, by understanding the 
relationship ofacetate, glycerol and OD with the help ofNIR, we could possibly stop 
the fermentation whenever the cell density reaches its climax, which will be of great 
value to the biopharmaceutical research as well as the industry. 
3.5 Future prospects 
We have already developed an adaptive calibration for the monitoring glycerol 
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and acetate of high cell density E. coli fermentation producing plasmid DNA by 
at-line NIR spectroscopy and it performs well on other batches of similar 
fermentation. Nevertheless, the most ideal method is on-line monitoring and 
21 
hopefully in situ. 
There are two measurement approaches associated with on-line measurement 
with NIR spectroscopy, in situ (also known as in-line, where the analysis device is a 
fiber-optic probe immersed into the fermentation broth, carrying the spectral 
information from the sample to the spectrometer) and ex situ (where the analyzer is 
physically outside the fermenter and collecting measurement data usually involve 
either a flow-through cell or a fiber optic probe placed on the glass vessel.) 3 
(Fig.3.21) 
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Fig. 3.21 On-line sampling configurations adapted from Cervera et al.34 From left to 
right: in-sitii measurements using an immersion probe, ex-situ measurements using a 
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reflectance probe on the glass wall of the reactor, and ex-situ measurements using a 
flow-through cell.34 
Many studies have been carried out ex-situ which can minimize the influence of 
aeration and agitation on the spectra by placing the optic fiber outside the fermenter. 
Two modes of ex situ measurement are currently available. First, application of an 
external recurrent loop for the NIR control of biogas production from waste was 
studied by Holm-Nielsen et al. 54 and lactic acid production by Vaccari et al. and 
Gonzalez-Vara et al. 56 Nevertheless, potential problems including dead zones, 
introduction of artifacts, as well as the risk of contamination which is especially 
unacceptable at production level are still in existence.34,57 The alternative ex situ 
measurement by placing the probe on the glass wall ofthe fermenter has been studied 
by Ge et al.58 and Cavinato et al.59 for the measurement of cell density and ethanol 
respectively. The requirement for the optical fiber is minimized since the probe has 
indirect contact with the broth.60 However the mode of data collection is not available 
in our project. 
While applying in situ NIR spectroscopy measurement, the risk of contamination 
will be eliminated. Nevertheless, in situ measurement is rather challenging. Firstly, 
optical fibers, needed as the fundamental instrumentation, are required not only 
sustainable to sterilization and high agitation speed but also appropriate to the 
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research. Secondly, the complex nature of the fermentation process such as vigorous 
agitation 56 '60 '61 and temperature changes 41，62 pose great challenges to the research 
and development. Thirdly, technical obstacles in association with the spectral nature 
to establish robust models also exist, particularly when spectral signal need to be 
optimized (signal optimization) without disrupting the sterile environment. 4 Despite 
aforementioned problems, in situ measurement is still of great interest. 14，141，61 
Moreover, the standard calibration methodology with real fermentation samples, 
• • i • 21 
which is considered more useful than adaptive calibration in the previous studies , 
restricted the use ofNIRS in research and development field. 
With a better understanding of the fermentation process, in the future, we will 
build another adaptive calibration model for in situ control of the glycerol and acetate 
in high cell density fermentation and hence simplify the calibration procedure. 
Moreover, biomass will also be added in to the calibration model and thereby 
facilitate the online monitoring of the bacterial growth. Thus no sampling is needed 
and NIRS could be easily applied in optimizing the process in research. 
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Appendix 1 
Performance of reference analytical methods i.e. test kits and biochemistry analyzer 
(Bioprofile); the unit ofall the values is g/L. 
Glycerol Acetate 
True values Test kits True values Test kits 
0.05 0.08756 0.4 0.02696 
0.1 0.13077 0.4 0.04551 
0.15 0.18341 0.6 0.08944 
0.2 0.19456 2.4 2.2838 
0.3 0.25139 9 8.22263 
0.4 0.27492 13.8 11.491 
Glycerol Acetate 
Biochemistry analyzer True … , � . 
True values r ~ ? , Biochemistryanalyzer 
1 2 Average SD values 
10 7.23 4.4 4.36 
5 5.43 5.54 5.485 0.078 4.1 4.54 
2.5 2.46 2.39 2.425 0.049 3.8 3.71 
2 2.12 2.11 2.115 0.007 3.5 3.56 
1.25 1.34 1.38 1.36 0.028 3.2 2.88 
1 1.33 1.29 1.31 0.028 2.9 2.42 
0.625 0.79 0.72 0.755 0.049 2.6 2.19 
2.3 L 8 9 
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Appendix 1 
Internal validation of the three models: Matrix 1, Matrix 2 and Matrix 3; the true 
values are pre-determined values why NIR denotes the values from NIR prediction; 
The unit for all the values is g/L. 
Matrix 1 Calibration Matrix 2 Calibration Matrix3Calibration 
Glycerol Acetate Glycerol Acetate Glycerol Acetate 
TRUE NIR TRUE NIR TRUE NIR TRUE NIR TRUE NIR TRUE NIR 
2.6 2.536 6.37 6.38 0.5 0.3832 27.9 27.82 2 1.995 2 2.067 
2.6 2.66 6.37 6.4 0.5 0.5557 27.9 27.97 2 1.975 2 2.016 
2.6 2.592 6.37 6.362 0.5 0.521 27.9 27.99 2 1.977 2 2.074 
2.6 2.601 6.37 6.393 0.5 0.5001 27.9 27.87 2 2.194 2 2.062 
2.6 2.64 6.37 6.421 0.5 0.4579 27.9 28.02 2 2.042 2 2.074 
2.6 2.645 6.37 6.371 0.5 0.5134 27.9 28.02 2 2.028 2 1.991 
2.6 2.639 10.37 10.31 0.5 0.475 28.4 28.37 2 2.049 6 6.027 
2.6 2.692 10.37 10.3 0.5 0.526 28.4 28.37 2 2.09 6 6.01 
2.6 2.741 10.37 10.28 0.5 0.5788 28.4 28.37 2 2.029 6 5.914 
2.6 2.654 10.37 10.3 0.5 0.526 28.4 28.36 2 2.039 6 5.955 
2.6 2.612 10.37 10.33 0.5 0.5702 28.4 28.39 2 2.028 6 6.03 
2.6 2.638 10.37 10.33 0.5 0.5624 28.4 28.36 2 2.107 6 5.951 
2.6 2.645 9.37 9.424 0.5 0.4324 29.4 29.39 2 1.998 10 9.697 
2.6 2.64 9.37 9.42 0.5 0.4157 29.4 29.48 2 1.869 10 9.829 
2.6 2.599 9.37 9.443 0.5 0.5355 29.4 29.43 2 2.091 10 9.799 
2.6 2.642 9.37 9.38 0.5 0.4967 29.4 29.38 2 1.976 10 9.684 
2.6 2.602 9.37 9.417 0.5 0.5756 29.4 29.43 2 1.975 10 9.783 
2.6 2.638 9.37 9.462 0.5 0.5799 29.4 29.45 2 2.106 10 9.756 
2.6 2.619 19.37 19.31 0.5 0.4265 37.4 37.25 2 1.945 15 15.12 
2.6 2.588 19.37 19.22 0.5 0.5433 37.4 37.26 2 1.88 15 15.11 
2.6 2.679 19,37 19.24 0.5 0.4602 37.4 37.14 2 1.865 15 15.1 
2.6 2.582 19.37 19.27 0.5 0.5819 37.4 37.33 2 1.91 15 15.02 
2.6 2.589 19.37 19.2 0.5 0.6113 37.4 37.26 2 1.852 15 15.1 
2.6 2.575 19.37 19.2 0.5 0.4706 37.4 37.25 2 1.973 15 15.09 
2.6 2.654 24.37 24.41 0.5 0.453 47.4 47.38 6 5.965 2 2.043 
2.6 2.615 24.37 24.42 0.5 0.4172 47.4 47.24 6 5.932 2 2.08 
2.6 2.621 24.37 24.42 0.5 0.5358 47.4 47.45 6 6.009 2 2.066 
2.6 2.648 24.37 24.46 1 1.026 27.9 27.85 6 5.828 2 2.123 
2.6 2.642 24.37 24.46 1 1.033 27.9 27.99 6 5.945 2 2.075 
2.6 2.584 24.37 24.39 1 1.046 27.9 27.83 6 6.013 2 2.079 
6.6 6.597 6.37 6.427 1 0.9947 28.4 28.4 6 6.044 6 6.01 
6.6 6.552 6.37 6.405 1 0.9572 28.4 28.35 6 5.884 6 6.025 
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6.6 6.548 6.37 6.404 1 1.039 28.4 28.48 6 6.076 6 6.009 
6.6 6.679 6.37 6.425 1 1.087 29.4 29.42 6 5.994 6 5.985 
6.6 6.571 6.37 6.425 1 1.114 29.4 29.45 6 6.022 6 6 
6.6 6.638 6.37 6.417 1 1.041 29.4 29.48 6 6.044 6 6.011 
6.6 6.519 10.37 10.38 1 0.9712 37.4 37.23 6 6.01 10 10.04 
6.6 6.59 10.37 10.31 1 0.9241 37.4 37.28 6 5.94 10 10.07 
6.6 6.631 10.37 10.37 1 0.9971 37.4 37.25 6 6.093 10 10.07 
6.6 6.582 10.37 10.32 1 0.9641 47.4 47.46 6 6.107 10 10.1 
6.6 6.522 10,37 10.36 1 0.8837 47.4 47.43 6 6.05 10 10.03 
6.6 6.597 10.37 10.42 1 0.9605 47.4 47.34 6 6.064 10 9.976 
6.6 6.489 9.37 9.368 2 2.025 27.9 27.99 6 6.023 15 15.18 
6.6 6.56 9.37 9.347 2 2.006 27.9 27.93 6 6.023 15 15.24 
6.6 6.541 9.37 9.36 2 2.084 28.4 28.28 6 5.889 15 15.2 
6.6 6.586 9.37 9.417 2 1.98 28.4 28.38 6 5.907 15 15.18 
6.6 6.662 9.37 9.355 2 1.975 28.4 28.41 6 5.908 15 15.17 
6.6 6.515 9.37 9.323 2 2.006 29.4 29.4 6 6.094 15 15.25 
6.6 6.505 19.37 19.51 2 1.997 29.4 29.45 10 9.881 2 2.021 
6.6 6.496 19.37 19.42 2 1.998 37.4 37.52 10 10.02 2 2.014 
6.6 6.467 19.37 19.48 2 2.069 37.4 37.5 10 9.999 2 2.098 
6.6 6.508 19.37 19.45 2 1.953 37.4 37.44 10 9.934 2 2.095 
6.6 6.614 19.37 19.51 2 2.009 47.4 47.51 10 9.974 2 2.058 
6.6 6.523 24.37 24.32 2 2.032 47.4 47.48 10 10.09 2 2.031 
6.6 6.445 24.37 24.31 2 2.067 47.4 47.39 10 10.11 6 5.979 
6.6 6.501 24.37 24.31 10 9.673 27.9 27.93 10 10.23 6 6.047 
6.6 6.457 24.37 24.44 10 9.754 27.9 27.95 10 10.19 6 6.044 
6.6 6.55 24.37 24.39 10 9.734 27.9 27.86 10 10.06 6 6.08 
6.6 6.456 24.37 24.35 10 10.1 28.4 28.4 10 10.16 6 6.068 
5.6 5.668 6.37 6.419 10 9.94 28.4 28.35 10 10.13 6 5.951 
5.6 5.689 6.37 6.422 10 9.994 28.4 28.46 10 10.14 10 9.722 
5.6 5.68 6.37 6.406 10 10.04 29.4 29.35 10 10.15 10 9.68 
5.6 5.693 6.37 6.386 10 9.983 29.4 29.52 10 10.18 10 9.757 
5.6 5.674 6.37 6.356 10 9.946 29.4 29.51 10 10.05 10 9.748 
5.6 5.627 6.37 6.386 10 9.842 37.4 37.61 10 10.18 15 14.91 
5.6 5.626 10.37 10.35 10 9.95 37.4 37.71 10 10.17 15 14.9 
5.6 5.664 10.37 10.31 10 9.851 37.4 37.69 10 9.959 15 14.84 
5.6 5.621 10.37 10.4 10 10.08 47.4 47.48 10 9.913 15 14.92 
5.6 5.675 10.37 10.29 10 10.1 47.4 47.35 10 9.889 15 14.86 
5.6 5.61 10.37 10.32 10 10.18 47.4 47.37 10 10.01 15 14.84 
5.6 5.661 10.37 10.31 20 20.01 27.9 27.78 15 14.73 6 5.915 
5.6 5.715 9.37 9.497 20 19.93 27.9 27.86 15 14.85 6 5.93 
5.6 5.677 9.37 9.519 20 20.01 27.9 27.87 15 14.66 6 5.952 
5.6 5.671 9.37 9.474 20 19.97 27.9 27.84 15 14.74 6 5.927 
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5.6 5.679 9.37 9.537 20 19.98 27.9 27.97 15 14.84 6 5.878 
5.6 5.672 9.37 9.507 20 20.17 28.4 28.27 15 14.73 6 5.936 
5.6 5.628 19.37 19.2 20 20.15 28.4 28.41 15 14.76 6 5.96 
5.6 5.714 19.37 19.15 20 20.06 28.4 28.42 15 15.23 10 10.06 
5.6 5.643 19.37 19.14 20 20.06 29.4 29.25 15 15.16 10 10.08 
5.6 5.666 19.37 19.25 20 20.06 29.4 29.36 15 15.18 10 10.12 
5.6 5.61 19.37 19.2 20 20.07 29.4 29.38 15 15.21 10 10.11 
5.6 5.546 24.37 24.21 20 20.04 37.4 37.29 15 15.15 10 10.12 
5.6 5.517 24.37 24.2 20 19.91 37.4 37.41 15 15.17 10 10.07 
5.6 5.52 24.37 24.19 20 19.94 37.4 37.41 15 15.09 15 15 
5.6 5.57 24,37 24.2 15 14.8 15 15.01 
5.6 5.533 24.37 24.15 15 14.9 15 15.04 
15.6 15.52 6.37 6.413 15 14.85 15 15 
15.6 15.49 6.37 6.407 15 14.87 15 15.02 
15.6 15.61 6.37 6.435 15 14.97 15 15.03 
15.6 15.52 6.37 6.36 15 15.12 2 1.966 
15.6 15.55 6.37 6.448 15 15.09 2 1.972 
15.6 15.46 6.37 6.43 15 14.91 2 2.011 
15.6 15.53 10.37 10.32 15 15.02 2 2.032 
15.6 15.46 10.37 10.32 15 15.06 2 2.021 
15.6 15.56 10.37 10.35 15 14.86 2 2.059 
15.6 15.5 10.37 10.35 0 -0.088 0 -0.1134 
15.6 15.54 10.37 10.36 0 0.0265 0 0.01544 
15.6 15.5 10.37 10.39 0 -0.02 0 0.04809 
15.6 15.6 9.37 9.479 0 -0.263 0 0.03408 
15.6 15.54 9.37 9.456 0 -0.024 0 -0.0152 
15.6 15.52 9.37 9.428 0 -0.043 0 0.00527 
15.6 15.47 24.37 24.55 
15.6 15.5 24.37 24.49 
15.6 15.48 24.37 24.48 
15.6 15.49 24.37 24.51 
15.6 15.47 24.37 24.52 
20.6 20.26 6.37 6.279 
20.6 20.23 6.37 6.381 
20.6 20.28 6.37 6.466 
20.6 20.24 6.37 6.376 
20.6 20.27 6.37 6.418 
20.6 21.02 10.37 10.19 
20.6 21.13 10.37 10.19 
20.6 21.11 10.37 10.18 
20.6 20.99 10.37 10.17 
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20.6 21.07 10.37 10.22 
20.6 21.03 10.37 10.21 
20.6 20.46 9.37 9.409 
20.6 20.53 9.37 9.432 
20.6 20.54 9.37 9.391 
20.6 20.51 9.37 9.43 
20.6 20.51 9.37 9.437 
20.6 20.45 9.37 9.345 
20.6 20.46 19.37 19.61 
20.6 20.49 19.37 19.6 
20.6 20.44 19.37 19.6 
20.6 20.45 19.37 19.67 
20.6 20.43 19.37 19.54 
20.6 20.46 19.37 19.51 
20.6 20.92 24.37 24,12 
20.6 20.88 24.37 24.16 
20.6 20.87 24.37 24.14 
20.6 20.89 24.37 24.09 
20.6 20.85 24.37 24.12 
20.6 20.93 24.37 24.17 
15.6 15.4 19.37 19.33 
15.6 15.47 19.37 19.3 
15.6 15.53 19.37 19.39 
15.6 15.48 19.37 19.31 
15.6 15.42 19.37 19.36 
15.6 15.54 19.37 19.42 
2.6 2.48 14.37 14.4 
2.6 2.429 14.37 14.39 
2.6 2.429 14.37 14.37 
2.6 2.409 14.37 14.4 
2.6 2.444 14.37 14.38 
2.6 2.498 14.37 14.41 
6.6 6.651 14.37 14.45 
6.6 6.664 14.37 14.5 
6.6 6.648 14.37 14.4 
6.6 6.591 14.37 14.53 
6.6 6.645 14.37 14.39 
6.6 6.68 14.37 14.44 
10.6 10.49 6.37 6.048 
10.6 10.58 6.37 6.077 
10.6 10.49 6.37 6.08 
121 
10.6 10.44 6.37 6.087 
10.6 10.47 6.37 6.048 
10.6 10.55 6.37 6.083 
10.6 10.73 10.37 10.25 
10.6 10.73 10.37 10.3 
10.6 10.63 10.37 10.26 
10.6 10.72 10.37 10.28 
10.6 10.69 10.37 10.26 
10.6 10.66 10.37 10.25 
10.6 10.59 14.37 14.37 
10.6 10.61 14.37 14.4 
10.6 10.6 14.37 14.44 
10.6 10.65 14.37 14.35 
10.6 10.57 14.37 14.39 
10.6 10.53 14.37 14.4 
10.6 10.81 19.37 19.54 
10.6 10.74 19.37 19.6 
10.6 10.82 19.37 19.62 
10.6 10.72 19.37 19.54 
10.6 10.74 19.37 19.56 
10.6 10.77 19.37 19.57 
15.6 15.38 14.37 14.57 
15.6 15.42 14.37 14.59 
20.6 20.66 14.37 14.43 
20.6 20.65 14.37 14.35 
20.6 20.79 14.37 14.45 
20.6 20.71 14.37 14.37 
20.6 20,69 14.37 14.39 
20.6 20.62 14.37 14.42 
0.6 0.6731 4.37 4.452 
0.6 0.7307 4.37 4.482 
0.6 0.6789 4.37 4.407 
0.6 0.64 4.37 4.427 
0.6 0.82 4.37 4.438 
0.6 0.7748 4.37 4.485 
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Appendix 1 
External validation ofthe three models constructed using Batch 7，8 and Matrix 4; the 
unit for acetate and glycerol is g/L. 
Batch 7 
Matrix 1 Matrix 2 Matrix 3 
Time(hrs) Glycerol Acetate Glycerol Acetate Glycerol Acetate 
19.668 12.02 21.627 12.014 17.224 11.122 
19.775 11.929 21.667 12.024 17.251 11.171 
19.799 11.943 21.68 12.07 17.251 11.15 
19.774 11,89 21.645 11.952 17.245 11.124 
19.819 11.899 21.681 12.028 17.241 11.157 
19.745 11.956 21.68 11.966 17.297 11.133 
23 
21.855 11.758 17.409 10.954 
21.831 12.015 17.464 11.012 
21.884 11.947 17.491 11.01 
21.896 11.891 17.511 10.973 
21.961 11.946 17.501 11.018 
21.892 11.906 17.472 11 
18.428 0.89596 18.387 -0.90102 16.921 -0.4069 
18.492 0.78111 18.386 -0.901 16.857 -0.43356 
18.426 0.83275 18.294 -0.85879 16.716 -0.35068 
0 
18,441 0.83931 18.331 -0.83223 16.929 -0.40836 
18.441 0.791 18.333 -0.84833 17.013 -0.42664 
18.453 0.8084 18.337 -0.93395 16.826 -0-4319 
4.7706 1.5882 5.1187 -1.5129 1.1255 -0.06514 
4.6859 1.5489 5.0113 -1.4271 0.93733 -0.01428 
4.6971 1.5839 5.0165 -1.4456 0.99092 -0.00583 
7.5 
4.771 1.6038 5.0459 -1.2744 0.90932 0.054138 
4.8158 1.4987 5.0554 -1.4168 1.1262 -0.06221 
4.8028 1.5993 5.0209 -1.3963 1.0842 -0.0343 
0.83647 1.1549 1.4671 -1.4443 -2.4991 0.064492 
0.95004 1.0666 1.5148 -1.4005 -2.3185 0.044662 
0.92838 1.074 1.4893 -1.4049 -2.4206 0.053293 
8.5 
0.94334 1.0555 1.4671 -1.3441 -2.4218 0.12165 
1.0217 1.2012 1,5911 -1.3379 -2.4072 0.12347 
0.97332 1.0839 1.5074 -1.3086 -2.4233 0.10755 
0.85342 1.1076 1.5489 -1.8059 -2.4202 -0.19137 
10.5 
0.84795 1.1296 1.4238 -1.5742 -2.5237 -0.03763 
123 
0.86677 1.1014 1.423 -1.5977 -2.5096 -0.07769 
0.9438 1.0624 1.4677 -1.4652 -2.4679 0.003772 
0.90712 1.0192 1.4016 -1.5335 -2.4461 -0.08493 
— 0.84483 1.0923 1.4313 -1.5888 -2.5714 -0.03016 
0.74192 1.4178 1.4207 -1.69 -2.6034 -0.01989 
0.75845 1.3213 1.3658 -1.6402 -2.6898 -0.02016 
0.84884 1.2675 1.4572 -1.5688 -2.6361 -0.02065 
11 
0.90204 1.2497 1.4469 -1.5231 -2.6207 0.026861 
0,81217 1.3501 1.401 -1.473 -2.7735 0.084648 
0.89476 1.1923 1.4144 -1.4499 -2.6314 0.036393 
1.0287 2.1292 1.5664 -1.5643 -2.785 -0.0018 
0.95837 1.9911 1.5106 -1.621 -2.7171 -0.05263 
1.073 1.9592 1.5718 -1.496 -2.6762 0.024237 
13 
1.0453 1.9961 1.5101 -1.4477 -2.6713 0.039943 
1.0919 2.0409 1.5366 -1.3673 -2.6467 0.024602 
1,0783 1.9732 1.5606 -1.4448 -2.6742 0.033542 
1.1726 3.5924 1.745 -1.0935 -2.4142 0.4044 
1,1787 3.4783 1.704 -1.0824 -2.4314 0.35724 
1.1891 3.5803 1.7553 -1.0428 -2.3359 0.38404 
15 
1.1041 3.5826 1.6641 -1.0804 -2.4228 0.36873 
1.2099 3.5333 1.7497 -1.0421 -2.3313 0.3654 
1.2048 3.5377 1.748 -1.0411 -2.4142 0.39932 
1.0207 7.7601 1.8013 0.62021 -2.4438 1.8567 
1.0034 7.7139 1.8309 0.54081 -2.4871 1.8159 
0.97267 7.6612 1.7664 0.62049 -2.5181 1.911 
17 
1.0404 7.6257 1.8667 0.60269 -2.447 1.9091 
1.0014 7.6146 1.7657 0.67439 -2.567 1.8899 
0.9413 7.6388 1.784 0.56516 -2.582 1.8585 
1.3005 7.7601 2.9639 4.5044 -2.7609 5.6094 
1.2997 7.7139 2.9203 4.5586 -2.8579 5.6356 
1.3592 7.6612 2.9047 4.6567 -2.7771 5.636 
19 
1.3541 7.6257 2.9498 4.5874 -2.821 5.5883 
1.2431 7.6146 2.8551 4.5915 -3.0015 5.6299 
1.3205 7.6388 2.8992 4.5989 -2.864 5.5795 
7.5829 10.719 9.5727 7.6419 3.3763 8.0739 
7.6027 10.576 9.4498 7.8103 3.2971 8.1211 
7.6196 10.574 9.5011 7.8125 3.4942 8.1117 
21 
7.599 10.51 9.3882 7.8479 3.3489 8.1333 
7.6066 10.513 9.462 7.8932 3.3585 8.1913 
7.6866 10.537 9.4799 7.9478 3.4471 8.1629 
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Batch 8 
Matrix 1 Matrix2 Matrix 3 
Time(hrs) Glycerol Acetate Glycerol Acetate Glycerol Acetate 
5.7834 -0.19629 6.1559 -2.0243 2.4852 -0.57866 
5.8079 -0.26822 6.2179 -1.8929 2.4696 -0.46382 
5.7652 -0.29815 6.1721 -1.9579 2.4985 -0.56373 
5.6947 -0.21894 6.2588 -2.2537 2.4111 -0.65856 
0 5.6435 -0.18365 6.1367 -1.9426 2.2251 -0.39018 
5.7871 -0.36988 6.0303 -1.7764 2.4219 -0.47459 
5.8933 -0.22656 6.1196 -1.8919 2.5969 -0.54305 
5.7819 -0.38373 6.0623 -1.9473 2.6118 -0.58599 
5.881 -0.35473 6.1589 -1.833 2.5681 -0.55949 
0.79614 -0.4022 1.356 -2.5278 -3.1203 -0.64906 
0.8812 -0.45362 1.3985 -2.2897 -3.0692 -0.47968 
0.88605 -0.48911 1.5286 -2.3743 -2.9441 -0.54926 
0.81461 -0.25863 1.516 -2.5495 -2.9259 -0.61975 
11.25 0.8433 -0.4642 1.3664 -2.4452 -2.8346 -0.62628 
0.99535 -0.42937 1.5518 -2.3416 -2.8483 -0.54567 
0.90224 -0.47251 1.6467 -2,7213 -2.6237 -0.71543 
1.0191 -0.49727 1.6131 -2.29 -2.7489 -0.53692 
0.8968 -0.56768 1.4512 -2.3035 -2.9165 -0.5307 
0.66909 -0.20658 1.4048 -2.4046 -3.184 -0.5029 
0.84637 -0.32571 1.3904 -2.1899 -2.926 -0.51243 
0.77706 -0.30845 1.358 -2.2827 -2.9806 -0.49004 
0.60898 “0.12848 1.4184 -2.5156 -3.1312 -0.47542 
23.33 0.70466 -0.2476 1.3599 -2.2386 -3.218 -0.46182 
0.69753 -0.38856 1.3076 -2.1409 -3.1686 -0.42101 
0.61716 -0.35165 1.4162 -2.7608 -2.9598 -0.68486 
0.93197 -0.28754 1.4465 -2.0882 -2.7393 -0.4955 
0.93578 -0.32367 1.4157 -2.1854 -2.7729 -0.53131 
1.3283 0.76179 2.34 -1.5709 -1.8744 0.31657 
1.4789 0.79185 2.3425 -1.4405 -1.6717 0.33221 
1.5693 0.84275 2.3464 -1.2946 -1.6195 0.38825 
1.4606 0.78664 2.28 -1.5849 -1.6663 0.27346 
25.6 1.5237 0.70821 2.4211 -1.3888 -1.7522 0.36521 
1.4449 0.62607 2.2459 -1.4254 -1.7223 0.30848 
1.375 0.82881 2.343 -1.6814 -1.8709 0.31032 
1.407 0.76066 2.3025 -1.4267 -1.8263 0.38667 
1.4533 0.55049 2.0993 -1.3129 -1.8651 0.33557 
125 
0.81289 0.094587 1.5468 -1.9125 -2.8595 -0.1756 
1.0711 -0.07918 1.7468 -1.7707 -2.3589 -0.20411 
0.95905 -0.02384 1.6591 -1.8997 -2.6594 -0.24022 
0.86748 0.23331 1.7826 -2.1518 -2.9009 -0.18195 
26 1.0869 0.003264 1.7781 -1.8454 -2.4984 -0.2637 
1.0338 0.081788 1.6501 -1.8183 -2.6152 -0.13073 
0.89019 0.12551 1.7427 -2.0641 -2.6243 -0.24629 
0.8297 -0.12851 1.5005 -2.001 -2.6921 -0.3481 
1,0328 -0.06225 1.6329 -1.8132 -2.5123 -0.17042 
0.92411 0.29165 1.781 -1.8233 -2.6711 -0.04812 
1.0471 0.15092 1.6704 -1.574 -2.4566 -0.03567 
1.1828 0.13086 1.8466 -1.5354 -2.2574 -0.00128 
0.85881 0.19614 1.6982 -1.9017 -2.5736 -0.11555 
27 1.1052 0.31342 1.8115 -1.5743 -2.4141 -0.02256 
1.1857 0.03688 1.8159 -1.5025 -2.3643 -0.04629 
1.1543 0.13044 1.7627 -1.7005 -2.2768 -0.12411 
0.98477 0.29131 1.6898 -1.6495 -2.6743 0.021213 
1.0235 0.17465 1.6768 -1.6631 -2.4173 -0.07666 
0.67261 1.7143 1.7443 -0.32829 -2.972 1.3266 
0.67345 1.545 1.7109 -0.15935 -3.0926 1.363 
0.61399 1.4532 1.6563 -0.34196 -3.1138 1.2204 
0.61119 1.5703 1.5153 -0.40106 -3.1366 1.2303 
29 0.58012 1.6085 1.5522 -0.13405 -3.1188 1.3888 
0.68416 1.5133 1.6375 -0.27852 -3.0397 1.2497 
0.5599 1.5144 1.6487 -0.41854 -3.1056 1.2236 
0.76386 1.627 1.7217 -0.24816 -2.9707 1.3699 
0,84933 1.5504 1.7582 -0.04063 -2.9183 1.3786 
0.98434 0.83357 1.8415 -1.1584 -2.5935 0.48136 
0.99245 0.79706 1.7957 -1.108 -2.5798 0.57494 
1.0737 0.6684 1.864 -1.0634 -2.5493 0.50241 
1.0244 0.84534 1.8726 -1.1278 -2.5793 0.52354 
31 0.90506 0.74368 1.5854 -0.95453 -2.6387 0.57401 
1.0121 0.58374 1.7282 -1.1249 -2.5963 0.45751 
1.0323 0.80019 1.8549 -1.0266 -2.6728 0.51293 
1.1114 0.83694 1.9031 -0.9814 -2.541 0.56393 
1.0802 0.67558 1.8111 -1.0002 -2.514 0.53337 
0.53938 2.2657 1.5649 0.53859 -3.2675 1.9038 
0.72163 2.2973 1.6404 0.66293 -3.0565 1.943 
35.1 0.60981 2.253 1.5746 0.66631 -3.1517 1.9616 
0.54582 2.456 1.5926 0.61975 -3.1484 2.0019 
0.65902 2.4169 1.7308 0.51909 -3.0175 1.9099 
126 
0.6187 2.3421 1.6176 0.79181 -3.1381 2.0485 
0.52063 2.5134 1.683 0.60999 -3.0919 1.985 
0.5621 2.3819 1.635 0.54394 -3.047 2.0042 
0.6708 2.4361 1.7638 0.66203 -2.9243 1.9883 
0.92457 0.85718 1.8468 -1.257 -2.6115 0.46551 
1.1479 0.86798 1.9046 -1.0374 -2.2683 0.509 
1.2183 0.75819 1.9222 -0.99176 -2.218 0.47105 
1.109 0.7747 1,9313 -1.2511 -2.3269 0.42539 
35.6 i.0868 0.71399 2.0388 -1.2184 -2.4455 0.4304 
1.1724 0.64124 1.8282 -1.0315 -2.338 0.43699 
1.1545 0.77014 1.9315 -1.2364 -2.1595 0.37325 
1.0642 0.72499 1.8096 -0.93678 -2.5056 0.55643 
1.2025 0.67661 1.9466 -1.1819 -2.2323 0.4268 
127 
Matrix 4 samples predicted 
by Matrix 1 model 
Glycerol Acetate 
A B C D E A B C D E 
-1.1184 -0.65112 0.19441 7.2973 15.911 9.9732 10.45 11.487 19.12 28.562 
“1.0223 -0.6356 0.22743 7.439 15.899 9.8625 10.486 11.391 19.07 28.522 
-1.0491 -0.62947 0.25575 7.3282 15.944 9.993 10.389 11.418 19.144 28.51 
-1.0387 -0.67446 0.28705 7.3942 16.025 9.9456 10.463 11.451 19.074 28.503 
-1.0211 -0.64075 0.28077 7.4038 15.952 9.935 10.409 11.366 19.022 28.504 
-1.0298 -0.65881 0.27845 7.3039 15.984 9.9196 10.498 11.435 19.097 28.398 
-1.1466 -0.70874 0.096977 7.2655 16.24 9.917 10.308 11.441 19.528 28.851 
-1.0578 -0.65935 0.16565 7.2424 16.295 9.9549 10.271 11.372 19.319 28.674 
-1.0898 -0.66236 0.17765 7.3809 16.252 9.9325 10.287 11.344 19.283 28.756 
-1.1539 -0.70405 0.15141 7.2402 16.268 9.9014 10.23 11.364 19.202 28.759 
.1.1081 -0.71763 0.13047 7.3689 16.23 9.9719 10.226 11.327 19.285 28.817 
-1.1048 -0.67612 0.15775 7.3357 16.341 9.9135 10.241 11.46 19.211 28.745 
-1.3293 -0.81824 0.00057 7.3279 15.746 9.9741 10.58 11.427 19.238 28.609 
-1.2835 -0.81098 0.20663 7.1884 15.738 9.9181 10.453 11.466 19.08 28.652 
-1.2884 -0.72585 0.04851 7.2179 15.769 9.9095 10.383 11.448 19.04 28.554 
-1.2939 -0.81328 0.079615 7.1713 15.784 9.9436 10.411 11.372 19.054 28.523 
.1.3475 -0.8001 0.13159 7.255 15.803 9.8635 10.361 11.401 19.097 28.569 
-1.2206 -0.81876 -0.02316 7.3117 15.732 9.9218 10.393 11.415 19.014 28.575 
-1.517 -1.1791 -0.24029 7.2873 15.716 10.004 10.35 11.613 19.538 28.853 
_1.446 -1.0931 -0.14574 6.9223 15.666 9.9058 10.436 11.511 19.416 28.755 
-1.416 -1.0415 -0.20421 6.9494 15.697 9.9777 10.365 11.414 19.388 28.669 
-1.4141 -1.1094 -0.11577 6.8668 15.615 9.9264 10.471 11.383 19.358 28.742 
-1.4127 -0.99917 -0.13619 6.9984 15.729 9.8168 10.411 11.433 19.446 28.678 
-1.3998 -1.0248 -0.12304 6.943 15.659 9.8995 10.391 11.408 19.353 28.685 
-1.4553 -1.0516 -0.21177 6.9246 15.59 9.9395 10.411 11.415 19.179 28.654 
-1.4686 -0.98903 -0.12341 6.9277 15.579 9.7856 10.379 11.347 18.959 28.574 
-1.4486 -1.0146 -0.1039 6.8177 15.674 9.7602 10.321 11.355 19.005 28.556 
-1.3534 -0.93538 -0.12774 6.8535 15.662 9.8835 10.435 11.195 18.973 28.538 
-1.475 -0.86987 -0.16219 6.9575 15.597 9.7556 10.349 11.278 18.928 28.521 
-1.392 -0.98166 -0.03462 6.9199 15.625 9.7694 10.395 11.327 18.877 28.503 
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Matrix 4 samples predicted by Matrix 3 model 
Glycerol Acetate 
A B C D E A B C D E 
-4.4012 -4.0494 -3.1218 4.682 14 9.2172 9.74 10.634 17.845 26.795 
-4.3892 -4.1765 -3.0969 4.7728 14.044 9.1764 9.7598 10.602 17.91 26.73 
-4.4463 -4.0776 -3.0478 4.5394 13.963 9.2249 9.7303 10.64 17.894 26.803 
-4.502 -4.0631 -3.0123 4.6259 14.025 9.2525 9.7873 10.613 17.855 26.778 
-4.4482 -4.0234 -3.0255 4.6351 13.961 9.2497 9.7297 10.637 17.81 26.791 
-4.3117 -4.0983 -3.1417 4.606 14.019 9.1677 9.7509 10.653 17.901 26.758 
-4.5562 -3.9734 -3.3241 4.655 14.295 9.2002 9.6855 10.59 18.156 27.039 
-4.5318 -4.0331 -3.1128 4.5631 14.336 9.2831 9.6646 10.613 18.032 27.013 
-4.5438 -3.92 -3.2186 4.6985 14.306 9.1992 9.6908 10.624 18.028 27.007 
-4.5689 -4.0014 -3.1422 4.5477 14.314 9.2479 9.6459 10.597 18.108 27.086 
-4.5858 -4.0183 -3.1856 4,5846 14.293 9.2877 9.668 10.617 18.051 27.055 
-4.5812 -3.9377 -3.2017 4.7407 14.331 9.2345 9.6105 10.623 18.057 27.015 
-4.7724 -4.2128 -3.2678 4.6633 13.766 9.2279 9.73 10.614 17.872 26.863 
-4.6643 -4.188 -3.0467 4.5237 13.774 9.2361 9.6732 10.6 17.874 26.909 
-4.6936 -4.0934 -3.1755 4.5252 13.724 9.2236 9.737 10.589 17.87 26.851 
-4.7398 -4.1584 -3.2238 4.4819 13.867 9.237 9.6831 10.623 17.9 26.855 
-4.7543 -4.1715 -3.1597 4.4698 13.747 9.1978 9.7119 10.557 17.894 26.811 
_4.6427 -4.1515 -3.3402 4.7064 13.681 9.263 9.7119 10.656 17.855 26.832 
-4.968 -4.6392 -3.6163 4.6031 13.701 9.0516 9.5194 10.425 18.081 26.916 
-5.0189 -4.5555 -3.5976 4.088 13.593 9.0863 9.6003 10.482 18.014 26.817 
-4.9295 -4.4344 -3.6442 4.2488 13.709 9.1354 9.5823 10.437 18.083 26.862 
-4.9117 -4.7218 -3.5673 4.0854 13.564 9.1384 9.552 10.509 17.988 26.907 
_4.9624 -4.4513 -3.5273 4.349 13.717 9.1437 9.5783 10.45 18.116 26.883 
-4.8896 -4.5058 -3.5149 4.1765 13.51 9.0997 9.5526 10.578 18.012 26.857 
-5.2072 -4.7271 -3.8701 4.1917 13.383 8.8119 9.2544 10.18 17.487 26.575 
-5.2646 -4.7115 -3.7397 3.9491 13.308 8.8341 9.3063 10.289 17.508 26.633 
-5.1862 -4.6394 -3.7172 3.8443 13.411 8.9058 9.3177 10.347 17.535 26.644 
-5.0202 -4.6989 -3.7222 3.8805 13.514 8.9556 9.3142 10.253 17.582 26.56 
-5.2652 -4.5377 -3.6794 3.9552 13.373 8.9237 9.3047 10.337 17.46 26.559 
-5.0967 -4.6182 -3.5628 3.8882 13.512 8.926 9.3389 10.403 17.564 26.533 
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Reference values of Batch 7, 8 and Matrix 4. 
； i ！ I ； ； ； ； ： 
Time (hrs:'i Q 丨.11.25 丨 23.33 | 25.5S3'j 2S 27 | 25,083 丨 31,QS31 35.QS3 :丨 J5,583 丨 | 
Batch 7 Glycerol： 5,23； ) $M - j 0,51 0,42 | Q.m T _R7&'. |—H I 9:23 0.00 _ 0,17 ] __ ^ . _ _ _ 
Acetate 0.00 “ 'o.Q3 j ois .； 0;00 |^' Q.21. | 0,5—1 Om i 0：58. [ -2.75 : &52 1 '| 
“‘ Time.|h.rs} 0 ！ ,7,5 j S:5 ； m,5 \ 11 | 13 | 15 ： .17: [ lS i 21 j 23 1 25 
"Iatchs" iiyceroT 22.117 3.350 | 0.640 0.SZ0 j 0,5S0j 0.S30 j;0.a5<) 0.S30 1.917 8.250 24,157'35,067 
Acetate 0 0 j 0 0 ‘ 0 i" Q j 0M5 0.515 2.82 6,35 9,24 11.29 
. . A : B ！ :C. j -0 .j E .[, :： .[… _j . J： j j . j 
Matrix4 6jycerqI __0,5 ^[—r—j — 2；.�—W I 20 j" :f I .！ - 二一 — i— 一.^ _^  
Acetate .8>9 (：制 | 10,4' I . , J . .| 28.4" | . .| ] t I 1 
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Appendix 1 
At-line analysis of different batches of fermentation samples using Matrix 1 model. 
(1) Batch 1 with NIR predicted glycerol and acetate values 
Fermentation n n c n n Glycerol Acetate ODbOO , , . . . , “ 
time (g/L) (g/L) 
13.75 7 13.641 0.325 
15.75 9.8 11.661 0.362 
17 11.3 9.683 0.349 
18.835 15.4 6.091 0.391 
20.5 20.7 1.479 0.110 
21.75 23.8 1.270 0.486 
23.5 29 1.462 0.386 
25 38.3 1.546 0.351 
26.5 43.2 1.580 0.416 
27.5 52.9 1.641 0.470 
29 64.4 1.571 0.640 
30.5 79 1.774 0.667 
31.5 88 1.819 0.778 
32.5 95.8 1.918 0.835 
33.5 106 1.729 1.842 
34.5 114.4 0.878 4.612 
(2) Batch 9 and Batch 10 with NIR predicted glycerol and acetate values 
I 1 \ I i I I 姜 ？ = , 
… Time fhrs) O 12.334 I 20.16 : 21.66 : 23.16 [ 24.16 j 25.66 | 27.16 : 28.16 29.66 
|OD 2.32 : 23.2 l 60.8 73 | 93.6 i 95^4jl09.8 ],106.8 98 '83.2 
Batch 9 G!ycerol 17.584 2,199 _ 0.763 0.351 L036 [ l.ll^0.013 ^ -0.97 2^.79 __-3^89 
' Acetate Q^,6M ^0.392 | 0.471 \ 0.433 ； 0.461 j 0.5S9 T4.332 | 9.602 :19.63 I 26.14 
DD p 7 23.6 r.55.S ； 7CLl J SS.S I SS j_97.2 ! 131.6 � 135.2 136.4 
'Batch 10 Glycerol 18.723 1,44 0,60S 0.494 0.696j 0.63 0.878 ； 1.108 1.197^  1.291 
Acetate 0.442 0.15 0.147 0.366 0.46 S 0.706 0,7861 1.042 1.385 1.97 *—―™™"—*"*^1*—*——™™ — i ^ ^ ^ ^ — ^ ^ — ^ ^ ^ — — : i ^ — ^ ^ ^ ^ — ^ ^ — ^ — ^ — ^ 
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(3) Batch llwith NIR predicted glycerol and acetate values 
Specific plasmid 
Time(hrs) QD600nm Glycerol (g/L) Acetate (g/L) yield (mg/L/OD) 
0 2.01 13.819 0.984 0.961 
1.25 2.76 13.288 1.142 
4 6.68 11.114 0.826 
6.25 10.3 7.936 0.837 
9.417 18.85 1.338 0.901 0.8339 
15 36.4 0.396 0.967 1.147 
23 68.8 0.0215 1.752 1.7239 
24 90.4 0.006 1.35 1.4194 
25 93.2 0 2.25 1-5954 
26 99.2 0.51 1,03 2.0998 
27 106.4 0.75 1.07 2.4436 
28 113.6 0,12 3.29 2.6434 
29 139.2 0.46 2.34 2.5864 
30 120.4 2.938 
31 114.8 3.3459 
3 2 2.9478 
(4) Batch 12 with NIR predicted glycerol and acetate values 
Specific plasmid 
Time (hrs) QD600nm Glycerol (g/L) Acetate (g/L) yield (mg/L/OD) 
0 2.38 15.340 0.520 
1.25 2.91 14.716 0.836 1.171 
4 6.5 12.828 0.963 
6.25 8.8 10.747 0.592 
9.417 20.8 0555 0.363 1‘26 
15 37.9 0.618 0.363 1.0659 
23 79.4 0.411 1.841 1.446 
24 93.4 0.720 0.960 1.622 
25 105.4 0.620 0.970 1.672 
26 116.6 0.530 1.200 2.112 
27 126.8 1.130 0.780 
28 136.8 1.070 1.010 2.532 
29 159.2 0.970 1.340 2.0967 
30 153.2 0.066 2.725 2.812 
31 161.2 1.316 1.403 3.0624 
32 169.2 0.846 2.088 2.917 
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(5) Batch 13 fermentation NIR predicted and bioprofile measured glycerol and 
acetate values 
: . . • ^ -.…….f ......�..| • • i……-.•; .  • .飞 . . i f • :. 1 —f" - j ~"[ . -： f .I , ,.,.. f -. -'.•' . . ;• y..；1, 
…Time (hrs| j 0； 3.75 14.7 15.8 1 7 3 19.8 21.8 2 3 3 25; 26j 27,5 29 30； 31 31.5 
” | l 8 . 6 2 1835 0.47 0 ,69 ,0 ,73 0.66 0.61, 0.42 0.47i_0.48^ 0.28 0.003 -0.45 -1,19 -0,99 
18.65 1 8 3 7 0,48 "o,69 0,79 0J7 0.63 0.57 0.50 0.50 0,23 -0.013 -0.46 -1.16 -0.98 
18.54 18.32 0.45 0,72� 0,76 0.76 0.73 0.55 0.51| 0.57 0.31 -0.051 -0.54 -1,21 -0.96 
H m 18.58 1 8 3 1 0,43 0.61 0,62 0.78 0.75 0 .55^ 0.52j 0,51 0.25 -0.056 -0.54 -1,24 -1 .02, 
“ ' G 1 8 . 6 1 1 8 3 6 0 , 4 2 0 . 6 0 0 . 6 6 ^ 0 . 7 9 0 . 6 8 0 . 6 2 0 . 5 0 0 , 5 2 0 . 2 4 ； 0 , 0 2 6 ^>.52^ ： 1 . 2 6 ^ 9 4 
“ 18,57 18,33 0.67 Q.7lj"o.77 0.79 0.49 0.S1 0.53 0.33 -0.021 ~CU2 -1,21 -1.07 
~ ~ ~ 4.95 4,42 0.67 j0.6 0 ,63^ 0 ,1^ 0, 0.33;^ 0 � 1 9 _ 0_ _ __ 0 _ _ 0 0 0 0 
“ , , 8 P 5.56 5.26 0.63 0.66 0.56 0.47 Q.06 0.32 0.14 0 Q 0 0 0 Q 
0.33 0,38 0,05 0.13 0.06-0.02 0,02； 0.25； 0.44 0.50 1 . 2 4 “ 2 . 5 7 4,59, 8.41 1 0 J 2 
0.29 0.40 0.12 0.09 0.05 0.13 0.16^ 0.35 0.49 0.65 1.21 2.53 4.57^ 8,36 10.75 
0.35 0,39 0,01 O.O7' 0.00 0.13 0,17 0 3 1 0.45 0.61 1 3 0 2.49 4.69 8,43 10.82 
" A 糊较 030 031 Q32 -0.07;-0.10 0.17 0,16 032；' 0.46 0.58 1.27 2A8 4.64 8A6 10,76 
0 3 2 0 3 6 0,07 - a 0 3 -0.03 0.09 0.22；~ 0.35 0.51 — 0.58 1.29 2.45 4,70 8,45 10,81 
—0,35 0.37 — O.OS 0.00 0.14 0.19i 0.37j 0.47' 0.59 1.30 2.45 4.71 8.44 10.81 
^ ~ 0； 0 0； Qi o[ 0； 0.. — {).108l O.22| 0.7¾! 2.904i 5.556： 9 3 7 9.78 
'. QD Q,34j 1.64 25 ' 2gj 35.ll 42,4 51.5' 6&s\ 75,6f SS\ 92.4[ 98.6； 102： 102 91 
G stands for glycerol while A for acetate; Both NIR predicted values O^IR) and biochemistry analyzer 
values (BP) are presented 




Time Glycerol Acetate Glycerol Acetate 
0 18.10167 0.853697 13.165 0.14 
11.83 8.812767 0.374997 6.74 0.195 
15.58 1.402233 -0.88178 0.475 0.02 
17.83 1.460967 -0.78501 0.46 0 
20.08 1.398633 -0.74265 0.51 0 
24.58 1.4912 -0.38501 0.6 0 
26.08 1.5422 -0.3667 0.6 0.07 
28.58 1.5081 0.014769 0.58 0.115 
31.8 1.390033 0.54609 0.385 0.235 
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Appendix 1 
NIR predictions of acetate and glycerol for the calculation of measurement errors. 
(1) Batch 5 with NIR prediction for three different sampling of each sample. 
“ T t o e p f s i •{ B;417|, 仏忽丨 访| 1— 24丨 2€丨 27»25丨 30.25 '31.75 
1 3猶 1 ^ 0 5 4 ~ ^ 5 5 o i 5 L 1 4 4 7 ~ ~ 1 . 0 7 S 3 | ~ 1,腿5 L2SS3： ~ 1 . 4 3 2 6 _ h6816 1,5145 
-：7»5571二 1.2197 0.38891 l.lSS2 _ 1.1I59_ 1,2546 1.4095 1.5553 1.8523 ___ l.m42 
“ — ~ ^ " — ^ ^ ― 1,26 ‘ 0 , 9 S i ^ “ " l . l811 1.0855 1,2273 13544 1.5638 1.8536 1S764 
“ ~~7.2S16{~1,2556 0 , S 6 5 9 4 ~ i . 0 6 9 5 !«1141 ~ 1 , 3 3 M ~~1,3209 ~ 1 . 4 9 S 3 ~ 1 . 7 2 8 4 _ 1.8782 
Glycerol — 7.2Q11 L1B53 0,S3653 ^11S6 1,0534 I,33S7 1.336 1,5042 i.S002 1.%27 
7.209¾! ^ 1.2675' 0.3832 1.0S93, ^ “ “ f" 1 . 3 败 1.40S5 1A3&1 l.S4SS 1.9324 
7ai52{ i,2259| 0^29¾ — imm\ 1,a2M) i>2572[ i^m\ l4i^[ imm\ i35 — 
Z 5 ^ 3 7 ^ ^ C r ^ S = i i i 3 ^ J ^ 3 ^ _13093 — __L3S62__ 1,5024___L3272 ^_JL9242 — 
“ —7.1414 1.293 “ ^ ~ — ~ ^ Y ~ V ^ ^ ^ i a s m l , W 6 | l , 49^ [ l,73Sgl 1,9391 
-0 ,10^4 ' 0.057949 -0.24439 -0.33557 -0.235S5^ 0,093687； 0,19043 0,25¾]—0.85428.|.—„1.135 
-0.1657 ^-0"L02175 -&,35647 -0.35052_-0.24673 0,054042 0,19539 0.1445S_ 0,S5332 1,03S1_ 
' ^5 i i i i i r ^ i^5 i r^ i i i i i p i^^ i1 3^i7&&j o,^pi^l o;i9<mr Q>2505r 0,s3727| o.9829i 
-0,46069 i 9.099454 -0,16B9S -0,23709 -0.29574 —0,10264 0.27204 0.3270S 0,89948 ^ 2 ^ 1 X 
Acetate -0,38763^0.057¾)?' -0.29453 -03634 -0.34533 0,0131S 0,22293 0.20335 0.75054 _ __ 1.0211 
-0.41S67 -0.0034 -0.20949 -0.33234 -0.506S1 -0.03677 , 0.22682 0.2S323 0.79614 1.0401 
-0.24963| -M9373| i 2 S 7 _ _ ^ t ^ i i ^ E l L H S l . J S M L ^ ^ ^ L S S f f i L . 3 ^ ^ .. 
“ ‘"-03713l" ~ "-0.07¾ “ -0.34755 " '^0.3007 -0,30457^ -0,00534j 0 . ^ 5 4 5 0.15667 0,S785 1.1162 
-0,313^ -Qm5SS “ —~-~^ .Q,35S11: -0,03144. 0.15842 0.25478[ Q.SSC75 1.1875 
‘‘ 1 f T 1 “‘ I ' ' "" '1： “‘ ! I * ^ 
(2) Batch 6 with NIR prediction for three different sampling of each sample. 
Tlme(hrs) 0； S.OS| 17! 2333j. 2538¾! 2&j 31； 33| 34.0S3j 35 
- ~ — 6.4001~0.95547*""0,79582 1.0S52~0.77751 l.iS71 1.9157 2,3117 一 0.90S^ 2.7792 
6.4842 1,0662 0^7647sl 1 .^72 0.8334S 1.2982 1.975 _ 2,3296 1.11S 2,9027 
“ ——g^^——^^gp^^^�——^^r a 7463. | 1,3345] 2.0435： 2,3gM) 1,0619； 2.SB09 
6.4923 l , i m l ' 0.S4574|^ 1.1774： 0 . 7 0 4 9 3 1.3322 I.9S15 2,1781^0^7643 ； 2.8243 
G � c e r o ! S.4475 1.I337[ ” 0.94385 1.0884 0.76774; 1,2075 , 2.0736 23424 ^ L0918 2.8863 
6^ 5603^  im77| 0^963m' 1.2125： 0,85S6lj l,2244j 1.954S： 2,4129¾ 1.07S6j 2.8525 
6.3235^  1,0697| 0.74336j 1.Q502^  Q.8376s| 1.4213j 1.S625 l:^L^.J^9^L^^... 
“ —^6.44^3 ； — 1.便尹「O.SjgTZ;— 1.Q69S； 0.7445¾!—_lJL7Mj _ 2 � 0 3 4 3；— ? ^ 5 ? M _ — M ^ L _ ? : ? ? ^ 
—―^——： —6 |^^ "£>Q073j ljl33S； Q.g737i| l,35j 1.9734； 2.4357| 1.QS79； 2.868¾ 
" -0.4426S -0.141S7| -0,2S64S 0.0602^2：— 1 . 3 1 2 7 ； ^ 0 . 4 3 _ ; 0.35777 —1.5284|——1.2354[ — _2.0MS 
-0.38768 -0.16277["-0.37973 0.1i5Sl 1,1877, 0.21108 0.83443 13716 l-M57j 1^9364 
— -0.45701 -0,26779| -0.3&509j 0,0S3377 l,DS- 0,11486 0.79083： 1,3475[ 1.1321； l.&Q62 
^,2825B; -0,07229{ -0,30854丨 0.149S7 1,2053丨 0.3329; 0.995½ 1-511|—l,3S82j 2,0215 
Acetate -0.44602 -0.09356i -0.23471 0.075063： 1,2S52| 0.3366S； 0.7979 1.4687| 1.2545： 1.8714 
-Q,40857: -0.17463f -0.3430¾! Q.Q8^ 95; 1.0904 0,2402lj 0,68946 1.3446j 1.1315j 1.8369 
-G.34795 -0.2550S| - 0 , 2 2 0 2 7 0.1S871 1 , 2 2 1 7 ¾ 0 . 2 9 0 ^ 8 ： 0 . 9 6 7 9 3 ： 1.43C2S _ . . . . 1 : 2 2 4 5 ! 工 , 9 5 5 1 ^ 
-0.42382 -0.20622 -0,46421 0.18458 1,2711' 0,34899 0.S122:_ 1.4294( 1.2713! 1.8237 
一 -0.477S5 -0,2MI6| -0.46605 -0.Q237； l ,2S3lj 0 . 2 5 5 0 5 ； 0.75796； 1,3525; 1.1&72 l,S2S5 
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